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FOREWORD 

This  System  Analysis  Summary  Report  for  the  ground  station  of  the  Space-Ground  Link  Sub¬ 
system  (SGLS)  has  been  prepared  to  satisfy  CDRL  No.  B042  of  Exhibit  B  to  Air  Force  Contract 
F04695-67-C-0115.  The  report  provides  a  technical  description  of  the  system  and  integrates 
the  analyses  performed  by  contractors  who  have  contributed  to  its  development.  The  latter, 
in  turn,  may  be  used  as  a  point  of  departure  for  future  development. 

Initial  development  work  on  SGLS  was  accomplished  under  Air  Force  Contract  No.  AF04(695)- 
610  and  included  development  and  demonstration  of  both  space  vehicle  and  ground  station  equip¬ 
ments.  A  subsequent  contract,  No.  F04695-67-C-0115,  was  awarded  to  Philco-Ford  for  the 
systems  engineering  effort  required  to  integrate  modifications  developed  under  other  Air 
Force  contracts  into  the  system  and  additionally  to  incorporate  SGLS  into  the  remote  tracking 
stations  of  the  SCF. 


Current  system  design  incorporates  significant  configuration  modifications  over  that  evaluated 
in  the  SGLS  demonstration  phase.  These  changes,  defined  by  Air  Force  design  criteria, 
necessitated  a  new  high  power  transmitting  system,  signal  recording  facilities,  PCM  ground 
station,  communications  security  equipment  reconfiguration,  and  expansion  of  the  number  of 
operating  channels  to  twenty.  The  installed  system  interfaces  with  the  remote  tracking  station 
Control  and  Display,  Data  Handling,  Timing,  and  FM/FM  subsystems  and  is  integrated  with 
new  and  modified  tracking  station  antenna  subsystems. 

The  report  is  organized  in  three  volumes: 


Volume  I  -  "System  Design  Analysis"  contains  a  technical  description  of  ground 

station  design  and  related  analyses. 

Volume  II  -  "Receiver  Design  Analysis"  contains  a  detailed  analysis  of  the  SGLS 
receiver. 


Volume  III  -  "Supplementary  Analyses"  is  a  reprint  of  the  appendices  to  the  final 
design  report  on  SGLS  published  by  TRW  Systems. 
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INTRODUCTION 

This  volume,  in  two  parts,  contains  a  technical  description  of  the  Space-Ground 
Link  Subsystem  (SGLS)  ground  station.  ’’Part  1,  Ground  Station  Design"  presents 
an  overview  (Section  1)  of  the  entire  system.  This  is  followed  by  a  presentation 
(Sections  2,  3,  and  4)  of  SGLS  functional  services  and  their  interrelationships. 
Section  5  describes  the  ground  station  equipment  items  (including  their  typical 
arrangement  at  a  remote  tracking  station)  and  the  SGLS  self-test  capability. 
Section  6  contains  reliability  and  maintainability  analyses.  Recommendations 
related  to  future  SGLS  system  developments  are  presented  in  Section  7. 

"Part  2,  Appendices"  includes  analyses  that  support  Part  1  but  are  considered  too 
detailed  for  inclusion  in  the  main  body  of  the  volume. 
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SECTION  1 

SYSTEM  OVERVIEW 

The  Space-Ground  Link  Subsystem  (SGLS)  communication  link  includes  tracking, 
telemetry,  and  command  capability  multiplexed  on  RF  carriers  that  utilize  a  com¬ 
mon  antenna  for  both  uplink  transmission  and  downlink  reception.  The  system  (see 
Figure  1-1)  operates  in  a  CW  mode  with  either  of  two  types  of  antenna  subsystems: 
a  low-gain  configuration  with  a  14-foot  parabolic  reflector  (Prelort  antenna)  or  a 
high-gain  configuration  with  a  60-foot  parabolic  reflector  (TT&C  antenna).  Overall 
system  performance  is  essentially  the  same,  except  for  the  additional  gain  the  60- 
foot  antenna  provides. 

This  section  reviews  the  general  requirements  for  SGLS,  provides  an  overview  of 
the  system,  and  summarizes  the  ground  station  command  and  control  capability. 
Since  the  design  of  the  spacecraft  subsystem  was  accomplished  under  other  Air 
Force  contracts,  only  a  brief  discussion  of  the  vehicle  is  included  here  to  show  the 
general  relationship  between  ground -to -space  (uplink)  and  space -to -ground  (down¬ 
link)  links.  Subsequent  sections  of  the  report  are  concerned  with  the  ground  station 
equipment. 

1. 1  REQUIREMENTS  SUMMARY 

Aerospace  Report  No.  TOR -669  (6110-01)-54,  Satellite  Control  Facility  Design 
Criteria:  Overall  Space-Ground  Link  Subsystem,  defines  the  general  design  re¬ 
quirements  for  the  ground  station  equipment.  The  more  significant  of  these  re¬ 
quirements  are  briefly  summarized  below. 

a.  The  Space -Ground  Link  Subsystem  (SGLS)  will  be  the  major  subsystem 
ii'» .  to  be  used  as  a  prime  source  of  tracking,  telemetry  data,  and  command 

and  control  capability  in  support  of  all  satellite  programs  that  are 
serviced  by  the  Air  Force  Satellite  Control  Facility  (AFSCF). 
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Figure  1—1  SGLS  System,  Simplified  Block  Dfc 
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b.  The  uplink  services  must  include: 

•  Commanding  in  a  digital  format,  as  well  as  a  means  for  verifying 
oorrect  command  transmission 

•  Analog  data  and  voioe  oommunioation  channels  to  the  spacecraft 

c.  The  downlink  services  to  be  provided  must  include: 

e  PCM  telemetry  data  reception,  demodulation,  and  decommutation 
e  PAM/FM  or  FM/FM  telemetry  data  reception 
e  Analog-data  or  voioe-communication  channels  from  the  spacecraft 

d.  The  subsystem  must  (1)  provide  for  automatic  tracking  of  the  spacecraft 
and  (2)  output  the  following: 

e  Azimuth  and  elevation  angle  data 

•  Spacecraft  range  and  range  rate 

e.  The  subsystem  must  interface  with,  and  perform  in  conjunction  with, 
other  equipment  items  at  the  remote  tracking  stations  (RTS)  of  the 
Satellite  Control  Facility  (SCF). 

f.  The  subsystem  must  provide  a  secure  communication  link  with  the 
spacecraft. 

Detailed  requirements  are  contained  in  General  Specification  WDL-SS-167211B, 
Performance  and  Design  Requirements  for  the  Space-Ground  Link  Subsystem 
Ground  Station. 

1.2  TRACKING 

Both  high-  and  low-gain  SGLS  configurations  provide  an  automatic  tracking  capabil¬ 
ity  in  either  a  phase -locked  or  crosscorrelation  mode  of  operation.  The  high- 
gain  antenna  uses  simultaneous  lobing  techniques,  while  the  low -gain  antenna  uses 
conical  scanning.  Automatic  signal  acquisition  is  accomplished  by  simultaneous 
space  and  frequency  search  using  variable  sector  and  frequency  scan  widths  and 
rates.  Measurement  of  range  rates  requires  a  coherent  relationship  between  the 
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signal  transmitted  to  the  spaoeoraft  and  the  return  signal  received  by  the  ground 
station.  This  relationship  is  discussed  briefly  in  Paragraphs  1.3  and  1.4  and  more 
fully  described  in  Seotion  2.  Typical  tracking  capability  is  tabulated  in  Table  1-1. 


TABLE  1-1 

TYPICAL  TRACKING  PERFORMANCE 


Parameter 

Phase  Look  Mode 

Wideband 

(Croeecorrolatlon) 

Mode 

Tricking  Bandwidth 

1. 0  kiln 

0,a  kHz 

38  Mila 

3  MHz 

0.  S  MHz 

Frequency  Traoktng  Range 

tkoo  kHz  (max) 

N/A 

Frequency  Tracking  Rate 

Angle 

14  kllz/sec  (max) 

N/A 

Rate 

at  ieaat  3  dag/sec 

Error 

1  mrad  rms  (typical  (or  rleva- 
tton  angles  below  10*) 

Readout 

IS  bttn  or  IT  bite 

Reaolutton 

10  eec  or  20  sec 

Range 

Error 

30  ft  rms  (-120  dBm  at  receiver 

Input,  neglecting  propagation 
bfftets) 

Readout 

30  bite,  10  samples/sec  max 

Maximum  Unambiguous  Range 

at  least  400, 000  runl 

Resolution 

7.8  ft 

Range  Rate 

Error 

0. 7  ft/eec  rma 

Readout 

24  bits  at  1  sample/sec 

Resolution 

0.  036  ft/sec 

Maximum  Range  Rate 

49,000  ft/aec 
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1.3  UPLINK 


The  uplink  operates  on  one  of  20  preset  channels  in  the  1750-  to  1850-MHz  frequency 
band  and  uses  a  single  carrier  for  transmission  of  multiplexed  commands,  pseudo¬ 
random  noise  (PRN)  ranging  code,  and  analog  data  to  the  spacecraft. 


1.3.1 


Uplink  commands  are  transmitted  in  ternary  digital 
formats.  Command  data  is  transmitted  by  frequency 
shift  keying  (FSK)  three-command  tone  oscillators 
corresponding  to  the  ”1”,  "O'1,  and  "S"  pulses  of  the 
ternary  format.  Table  1-2  shows  the  baud  rates  for 
the  low,  medium,  and  high  command  rates.  A  clock, 
or  command  sync  signal,  is  also  transmitted  by  ampli¬ 
tude  modulation  of  the  tone  oscillator  output. 


TABLE  1-2 


SOLS  COMMAND  RATE8 


Command  Rate 

Bauds 

Low 

Medium 

High 

1,  20 

100,  1000  ,  2000 

10,000  &  100,000 

To  provide  a  means  of  confirming  that  no  errors  were  introduced  in  the  transmitted 
commands,  the  uplink  carrier  is  sampled  and  command  data  detected  to  permit 
an  echo  check  (bit-by-bit  comparison)  of  the  commands  initiated  versus  the  com¬ 
mands  transmitted.  This  comparison  is  accomplished  in  the  RTS  data  handling 
complex. 


1.3.2 


In  addition  to  digital  commands,  analog  data  and  voice  signals  can  be  relayed  from 
the  RTS  control  complex  to  the  spacecraft  via  the  SGLS  uplink.  One  analog  channel 
with  a  20-kHz  information  bandwidth  and  one  voice  channel  with  a  3-kHz  informa¬ 
tion  bandwidth  are  available.  Analog  data  frequency  modulates  a  1.  25-MHz  subcar¬ 
rier  while  voice  signals  frequency  modulate  a  30-kHz  subcarrier. 
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The  FSK  command  signals,  the  1.25-MHz  analog  subcarrier,  and  the  SO-kHz  voice 
subcarrier  are  combined  with  a  PRN  ranging  code;  the  resulting  composite  base¬ 
band  is  phase  modulated  on  the  uplink  carrier.  Figure  1-2  depicts  this  uplink  fre¬ 
quency  speotrum  and  Table  1-3  summarizes  the  uplink  baseband  structure. 


TABLE  1-3 

UPLINK  BASEBAND  STRUCTURE 


Data  Type 

Data  Bandwidth 
or  Bit  Rate 

Subcarrier 

Frequency 

Subcarrier 

Modulation 

Suboarrier 

Deviation 

Voice 

0. 2  to  3  kHz 

30  kHz 

Frequency 

modulation 

±3  kHz  maximum 

Analog 

0. 1  to  20  kHz 

1.25  MHz 

Frequency 

modulation 

±30  kHz 

PRN  Range  Code 

1  Mbps 

N/A 

N/A 

N/A 

or  Range  Clock 

0.  5  MHz 

N/A 

N/A 

N/A 

Commands 

1  bps- 100  kbps 

2.  05  kHz-1.  073  MHz 

Frequency 
shift  keyed 

Variable  * 

Command  Sync 

N/A 

N/A 

Amplitude 

modulation 

N/A 

♦See  Table  4-1  for  subcarrier  frequencies. 


In  the  vehicle,  the  multiplexed  information  is  recovered  and  processed  to  ac¬ 
complish  the  various  spacecraft  control  functions.  In  addition,  the  uplink  carrier 
is  sampled  in  the  vehicle  receiver  to  derive  a  coherent  drive  for  the  Carrier  .1 
downlink  transmitter. 

Further,  the  ranging  code  is  detected,  multiplexed  with  other  vehicle  data,  and 
retransmitted  on  Carrier  1  for  subsequent  range  measurement  in  the  ground  station. 
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1.4  DOWNLINK 

The  downlink  operates  in  the  2200-  to  2300-MHz  frequency  band  and  provides  for 
transmission  of  PCM  telemetry,  wideband  analog  data,  and  either  one  3-kHz  voioe 
channel  or  one  20-kHz  analog  channel.  Two  downlink  carriers  are  used.  Carrier  1 
is  phase  coherent  with  the  uplink  carrier,  Carrier  2  is  noncoherent  and  is  centered 
5  MHz  below  the  frequency  of  Carrier  1.  Figure  1-2  illustrates  these  relationships. 

1.4.1  Carrier  1 

Data  multiplexed  on  Carrier  1  includes  the  following: 

•  PCM  telemetry  data  biphase  modulated  on  a  1.024-MHz  subcarrier 
with  rates  ranging  from  8  bps  through  128  kbps 

•  Wideband  analog  data  (PAM/FM  or  FM/FM)  frequency  modulated  on  a 
1.7-MHz  subcarrier  (The  1.7-MHz  subcarrier  may  provide  additional 
PCM  telemetry  instead  of  PAM/FM  or  FM/FM  through  biphase  modu¬ 
lation  of  the  subcarrier  at  rates  ranging  from  125  bps  through  256  kbps. ) 

•  One  3-kHz  voice  channel  or  one  20-kHz  analog  data  channel 
frequency  modulated  on  a  1. 25-MHz  subcarrier. 

The  PRN  ranging  code  is  combined  with  this  data  and  the  resulting  composite 
baseband  phase  modulates  the  Carrier  1  transmitter.  Table  1-4  summarizes  the 
baseband  structure  of  Carrier  1. 

In  the  ground  station,  the  received  range  code  is  compared  with  the  original  trans¬ 
mitted  code  to  determine  the  round  trip  delay.  The  latter  is  then  converted  to 
vehicle  range.  Range  rate  is  derived  from  a  measurement  of  the  two-way  doppler 
shift  on  coherent  Carrier  1. 
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tabu:  1-4 


DOWNLINK  BASEBAND  STRUCTURE 


|  CARRIER  1 

Dim  Typ* 

Data  Bandwidth 
or  Bit  Rets 

Nominal 

Subearrler 

Fraquancy 

Subearrler 

Modulation 

Subearrler 

Deviation 

Volos 

or 

Analog 

0.1  to  3.6  kll> 

0.1  to  20  kHz 

1.26  MHz 

FM 

3.0  kHz  peak  to  peak  voice 

18  kHz  peak  to  peak  analog 

1R1Q 

Telemetry 

or 

PAM 

or 

PCM 

Channels  1-21 
and  A-H 

to  20  kill 

0, 126  to  266  kbpa 

1.7  MHz 

1.7  MHz 

1.7  MHz 

FM 

FM 

PSK  (blphuno) 

73  kHa  peak  to  peak 

75  kHz  peak  to  peak 

*00’ 

PCM 

0.0076  to  128  kbpa 

1.024  MHz 

PSK  (blphuso) 

too* 

PRN  Ranging 
Code 
or 

Range  Clock 

1  Mbps 

0.5  MHz 

N/A 

N/A 

N/A 

N/A 

[  CARRIER  2  | 

Data  Type 

Data  Bandwidth 
or  Bit  Rata 

Carrisr 

Frsqusncv 

Carrier 

Modulation 

PCM 

128  to  1024  kbpa 

5  MHz  below 
Currier  1 

llipPPl 

[  CARRIER  3  1 

Data  Type 

Data  Bandwidth 
or  Bit  Rata 

Carrier 

Frequency 

Band 

Carrier 

Modulation 

iiiiii 

Wideband  Data 

30  Hz  to  200  kHz 

30  Hz  to  1  MHz 

30  Hz  to  10  MHz 

2200  MHz  to 
2300  MHz 

FM 

1.4.2  Carriers  2  and  3 

The  Carrier  2  transmitter  is  directly  biphase  modulated  by  PCM  telemetry  data  at 
rates  ranging  from  128  through  1024  kbps.  Provision  is  also  made  for  noncoherent 
tracking  and  demodulation  of  a  very  wideband  direct  modulation  carrier  (desig¬ 
nated  as  Carrier  3)  with  information  bandwidths  ranging  from  200  kHz  to  10  MHz 
available.  Table  1-4  also  summarizes  the  baseband  structure  of  Carriers  2  and  3. 
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1.4.3  PCM  Telemetry 

Two  bit  streams  can  be  processed  simultaneously  by  using  two  identical  PCM 
decommutation  equipment  items.  Data  processing  control  is  provided  by  the  RTS 
data  handling  and  control/display  subsystems  that  operate  in  conjunction  with  oom- 
puter  programs  stored  in  the  magnetic  core  memory  of  each  decommutation  equip¬ 
ment  item.  Processed  data  is  outputted  to  the  RTS  data  handling  subsystem  for 
further  reduction  and  subsequent  transmission  to  the  Satellite  Test  Center  (STC). 
PCM  data  in  various  standard  IRIQ  formats  can  be  deoommutated  and'processed 
by  the  ground  station. 

In  addition  to  the  digital  information  provided  to  the  RTS  data  handling  subsystem, 
each  decommutator  provides  20  analog  and  32  discrete  (relay)  outputs  to  the  RTS 
FM/'FM  ground  station.  These  RTS  interfaces  are  discussed  further  in  Paragraph 
3.  1.  3. 

To  facilitate  prepass  checkout  and  aid  in  maintenance  activity,  a  PCM  simulator 
that  duplicates  the  function  of  a  spacecraft  PCM  telemetry  package  is  provided. 

The  simulator,  which  contains  a  separate  magnetic  core  memory,  may  be  loaded 
with  diagnostic  programs  to  permit  fault  isolation  on  the  primary  data  paths  within 
each  decommutator. 

1.  4.  4  Data  Recording 

In  addition  to  handling  a  full  complement  of  data  in  real  time  from  a  SGLS  instru¬ 
mented  spacecraft,  signals  may  be  recorded  on  magnetic  tape  for  non-real-time 
processing.  Two  identical  seven-track  recorders,  with  selection  of  input  and 
output  signals  controlled  by  prepunched  IBM  cards,  make  available  a  wide  variety 
of  recording  and  playback  configurations  to  satisfy  diversified  program  requirements. 
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1.  4.  5  Analog  Data 

As  shown  in  Table  1-4,  Carrier  1  has  either  PCM  data  or  PAM/FM  or  FM/FM 
telemetry  data  available  on  the  1. 7-MHz  suboarrler.  Ground  station  processing 
is  limited  to  one  of  the  three  data  types  since  they  use  a  oommon  subcarrier. 
PAM/FM  (or  FM/FM)  data  are  translated  from  the  subcarrier  frequency  (1.  7  MHz) 
to  10  MHz  and  provided  to  the  RTS  FM/FM  subsystem  for  subsequent  demodulation 

•  I 

and  data  processing.  PCM  data  on  the  1.  7-MHz  subcarrier  are  demodulated,;  1  . 
decommutated,  and  outputted  to  the  RTS  data  handling  subsystem. 

Carrier  1  also  provides  a  3-kHz  voice  channel  or  a  20-kHz  analog  data  channel 
frequency  modulated  on  a  1.  25-MHz  subcarrier.  Following  demodulation  in  the 
SGLS  ground  station,  these  signals  are  available  to  the  RTS. 

1.  4.  6  Communications  Security 

i 

The  SGLS  ground  station  design  is  compatible  with  Communications  Security 
(COMSEC)  equipment  to  permit  either  clear  or  encrypted  uplink  command  trans¬ 
mission  and  processing  of  either  clear  or  encrypted  downlink  telemetry  data. 
Selection  of  secure  or  clear  modes  of  operation  is  controlled  by  the  RTS  data 
handling  subsystem. 
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SECTION  2 
TRACKING  SUPPORT 

SOLS  tracking  support  permits  determination  of  spacecraft  ephemeris  through 
measurement  of  the  relative  position  and  motion  of  the  vehicle.  This  support 
consists  of  azimuth  and  elevation  tingle  tracking,  range  tracking,  and  range-rate 
determination.  This  section  describes  how  each  of  these  support  functions  is 
accomplished  and  summarizes  the  results  of  analyses  that  were  conducted  to  deter- 
mint  their  expected  performance. 

2.  1  TRACKING  FUNCTIONAL  DESCRIPTION 

2. 1. 1  Angle  Tracking 

Each  of  the  two  antenna  types  that  interface  with  SGLS  uses  a  different  technique 
for  developing  angle-error  signals.  The  high-gain  antenna  uses  simultaneous 
lobing,  while  the  low-gain  antenna  uses  conical  scan.  The  receiver  is  designed 
for  operation  with  either  technique. 

Simultaneous  Lobing 


Angle-error  signals  are  generated  in  the  high-gain  antenna  by  an  amplitude- 
comparison  simultaneous-lobing  feed  and  comparator.  The  feed  arrangement  and 
comparator  network  combine  the  signals  from  two  pairs  of  feed  horns  to  form  a 
sum  (or  reference)  signal  and  two  orthogonal  error  (or  difference)  signals. 

Figure  2-1  shows  the  arrangement  of  this  equipment.  When  the  antenna  is  pointed 
at  the  source,  the  output  of  the  sum  channel  is  at  a  maximum,  and  the  outputs  of 
the  error  channels  are  zero.  Misalignment  of  the  antenna  produces  error-channel 
signals  whose  phase,  relative  to  the  reference  channel,  indicates  the  direction  of 
displacement,  and  whose  amplitude,  for  small  displacements,  is  directly  propor¬ 
tional  to  the  angular  misalignment.  These  signals  are  fed  to  the  three-channel 
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MULTIPURPOSE  FEED 

I - 


COMPARATOR 


Aiimufh  Reference  Elevation 

Difference  (Sum)  Difference 

Signal  Signal  Signal 


Figure  2-1  High-Gain  Antenna  Feed  and  Comparator 


receiver.  The  sum  channel  (reference)  receiver  is  a  triple-conversion  phase-lock 
design.  The  error-channel  receivers  are  similar  with  gains  normalized  to  the  sum 
channel  gain  by  AGC. 

The  output  of  the  two  error-signal  demodulators  are  voltages  whose  polarity  repre¬ 
sents  direction  of  angle  error  and  whose  amplitude  represents  the  magnitude  of  the 
error.  These  voltages  are  applied  to  the  azimuth  and  elevation  control  inputs  of 
the  antenna  servo  system.  Angle  data  for  entry  into  the  RTS  computer  are  derived 
from  digital  encoders  on  azimuth  and  elevation  axes  of  the  antenna. 
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Conical  Scan 

The  low-gain  antenna  is  a  conical-scan  tracking  antenna.  A  nutator  in  the  feed 
causes  the  electrical  axis  to  describe  a  cone  about  the  antenna's  mechanical  axis. 
Any  signal  not  on  the  antenna  axis  will  be  amplitude-modulated,  with  the  tracking 
error  magnitude  represented  by  the  amplitude,  and  the  error  direction  by  the  phase, 
of  the  error  signal.  The  sum-channel  receiver  and  one  error-channel  receiver  are 
used.  Both  are  fed  from  the  conical-scan  feed.  The  output  of  the  error-channel 
receiver  is  a  sine  wave  (obtained  by  demodulating  the  signal  envelope)  that  carries 
the  relative  amplitude  and  phase  of  the  error  modulation. 

Narrowband  signals  are  detected  in  the  phase  lock  mode  and  coherently  demodulated 
by  the  error-channel  receiver.  Wideband  signals  are  demodulated  by  an  envelope 
detector.  Use  a  separate  error-sign'  ceiver  permits  greater  flexibility  in 
'  selection  of  AGO  characteristics.  * 

The  conscan  feed  has  a  reference  generator  coupled  to  the  nutator  shaft,  which 
generates  voltages  in  quadrature.  These  carry  the  phase  reference  for  conversion 
of  the  receiver  error  signal  into  servo  error  inputs  having  magnitude  and  direction. 

2.1.2  Ranging 

I 

The  distance  between  spacecraft  and  ground  station  is  determined  by  measuring 
the  round-trip  path  delay  of  a  radio  signal  transmitted  to  the  spacecraft  and 
retransmitted  to  the  station.  If  the  transmitted  signal  is  represented  by  f(wt), 
then  the  received  signal  is  f  [co  <t  +r)] ,  where  r  represents  the  path  delay.  Since 
the  delay  time  t  is  2r/c,  where  r  is  the  range  and  c  is  the  velocity  of  propagation, 
then  the  received  signal  is  represented  by  f[w(t  +  2r/c)]. 

In  principle,  the  range  can  be  measured  by  searching  for  correlation  between  the 
received  signal  and  a  replica  of  the  transmitted  signal  incrementally  delayed 
relative  to  the  transmitted  signal.  Ambiguities  (i.e. ,  multiple  correlations)  can 

*  Refer  to  Volume  II,  Appendix  G  for  a  detailed  analysis  of  AGC  selection. 
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be  avoided  through  use  of  a  function  that  has  a  period  equal  to  or  greater  than  the 
maximum  range  delay  to  be  measured.  SOLS  uses  a  PRN  function  that  is  derived 
by  a  logical  combination  of  a  500-kHz  clock  and  four  independent  1-Mbps  binary- 
coded  sequences  of  PRN  codes. 

Figure  2-2  is  a  simplified  block  diagram  of  the  ranging  process.  The  range 
measurement  is  made  in  two  stops.  First,  the  500-kHz  clock  component  of  the 
received  signal  is  acquired  by  a  ph  i.se -locked  loop.  The  phase  of  the  locked  oscil¬ 
lator  relative  to  that  of  the  transmitter  clock  is  then  measured-  The  phase  meas¬ 
urement  is  made  at  the  32nd  harmonic  of  the  clock  (16  MHz),  and  threshold  circuits 
identify  the  phase  displacement  in  increments  of  it/ 2  radians.  Each  time  the  phase 
increments  by  ir/2,  an  appropriate  number  is  added  to  a  range  talley  accumulator. 
As  a  consequence,  the  system  tracks  the  spacecraft  with  a  fixed  range  error  equiv¬ 
alent  to  2nTr  radians  at  the  clock  frequency  (equivalent  to  a  4n  bit  displacement 
between  the  transmitted  and  received  PRN  sequence). 


10-MHz  R*fer«nc« 


Transmitter 


Figure  2-2  Ranging,  Simplified  Block  Diagram 
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The  second  step  in  the  range  measurement;  consists  of  developing  a  replica  of  the 
transmitted  code  and  delaying  it  long  enough  to  develop  maximum  correlation  of 
the  delayed  replica  with  the  reoeived  signal.  Doppler  compression  of  the  received 
envelope  is  compensated  for  by  using  the  locked  oscillator  (received  clock  com¬ 
ponent)  for  developing  the  replica.  A  range  number  equivalent  to  this  time  delay 
(which  is  equivalent  to  the  2njr  radian  error  previously  mentioned)  is  then  added  to 
the  accumulator  to  develop  the  correct  range  value. 

The  SGLS  system  acquires  the  received  PRN  code  one  sequence  at  a  time,  then 
combines  the  properly  phased  sequences  in  accordance  with  the  same  logical  func¬ 
tion  that  is  used  for  generating  the  transmitter  code.  This  technique  reduces  the 
acquisition  time  from  a  factor  proportional  to  the  product  of  the  lengths  of  the 
individual  sequences  to  the  sum  of  their  lengths. 

2.1.3  Range  Rate 

Range  rate  is  determined  by  using  the  vehicle  pha3e-lock  transponder,  which  gen¬ 
erates  the  coherent  carrier  at  a  rational,  fraction  of  the  received  frequency  (256/ 
205).  The  vehicle  transponder  is  illuminated  by  the  ground  transmitter  operating 
at  a  frequency  of  ffc.  This  produces  a  received  signal  at  the  vehicle  of  plus  one¬ 
way  doppler  shift.  This  frequency  is  multiplied  by  256/205  and  retransmitted  to 
the  ground,  where  it  is  received  with  additional  one-way  doppler.  Precise  range- 
rate  data  may  be  extracted  through  appropriate  mixing  of  the  received  signal  with 
signals  from  the  ground  transmitter.  Phase-lock  techniques  are  used  in  the  ground 
receiver  to  (.1.)  provide  an  efficient  tracking  filter  for  the  received  carrier,  and  (2) 
permit  near-optimal  demodulation  of  the  telemetry  and  ranging  modulation  on  this 
signal. 
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Figure  2-3  is  a  simplified  block  diagram  showing  the  doppler  extraction  process 
at  the  ground  station.  The  doppler  frequency  is  obtained  from  the  reference 
receiver  voltage-controlled  oscillator  (VCD)  output  signal.  Although  this  signal  is 
phase-locked  to  the  reoeived  frequency,  it  contains  a  bias  because  it  is  a  sub¬ 
multiple  of  the  receiver  first  local  oscillator  (LO)  frequency. 

After  down-translation,  this  signal  is  mixed  with  submultiples  of  the  transmitted 
frequency  and  then  with  a  multiple  of  the  receiver  reference  oscillator  frequency 
to  remove  the  bias.  The  result  is  a  signal  that  is  a  function  of  the  transmitted 
frequency  and  the  two-way  doppler  shift.  This  signal,  together  with  a  submultiple 
of  the  transmitted  frequency,  is  applied  to  a  counting  circuit  which  produces  a  num¬ 
ber  that  is  a  function  of  doppler  shift  only.  This  number  is  treated  mathematically 
by  the  RTS  computer  to  determine  the  range  rate. 


Referring  to  Figure  2-3,  the  transmitted  frequency  is  ft.  After  multiplication 
in  the  space-vehicle  transponder  and  two-  way  doppler  shift,  the  received  fre¬ 
quency  (frc)  is 


f 

rc 


256  . 
205  t 


(1) 


Since  c  >>>v,,  the  quadratic  term  may  be  neglected,  resulting  in  a  frequency 

(f  )  of 
'  v' 


f  s  —  ®  f  / 1 

*r  205  Hi1 


d/ 


(2) 


Manipulation  of  this  signal  results  in  an  input  to  counter  with  a  frequency 

(f  )  of 
v  n/ 


(3) 


2-6 


PHIL.CO 


full 


J  ■  JHU  i  ;|  jnPQRArtOfvj 


WDL  Division 


WDL-TR3227-1 
Volume  I,  Part  1 


The  input  frequency  (f  )  to  counter  n.  is 

n  2  * 


(4) 


The  counters  are  arranged  such  that  both  counters  start  simultaneously  and  counter 
n2  is  stopped  by  a  signal  from  counter  n^  .  The  start  of  the  counters  is  controlled 
by  switch  settings  and  pulses  from  the  timing  terminal  unit  (TTU).  The  stop  signal 
for  counter  n2  is  generated  by  n^  when  it  is  filled. 


The  count  contained  in  ng  after  any  period  t  is 


n 


2 


£  ‘ 


(5) 


Now  t  is  determined  by  the  length  of  time  required  to  fill  counter  n^,  which  is 
given  by 


t 


(6) 


Substituting  this  result  into  Equation  (5)  gives 


n 


2 


(7) 


Again  substituting  from  Equation  (3)  and  collecting  terms,  we  have 


7205  \ 

/  njC  \ 

\  16/ 

\c  +  2048v  / 

(8) 


Since  and  c  are  constants,  n2  is  a  function  of  velocity  only;  the  effects  of 
transmitted  frequency  have  been  eliminated. 
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2. 2  TRACKING  PERFORMANCE 

Tracking  aoouracy  is  affected  by  error  contributions  from  many  souroes.  Analyses 
were  performed  to  determine  the  nature  and  magnitude  of  the  individual  contribu¬ 
tors  and  the  overall  (rms)  error  for  each  tracking  function.  Since  tracking  aocurtfcy 
is  also  affected  by  the  characteristics  of  the  spacecraft  orbit,  five  examples  were 
considered.  Pertinent  parameters  for  the  orbits  are  given  in  Table  2-1.  In  sum¬ 
mary,  the  accuracies  were  determined  to  be  as  follows: 

•  Angle  Tracking:  less  than  1.0  mrad  bias  error;  less  than  1. 1  mrad 
rms  noise  error  for  both  azimuth  (secant -corrected  below  70°)  and 
elevation 

•  Ranging:  less  than  30  ft  rms  for  both  bias  and  noise  errors  at  a 
carrier  power  of  -120  dBm  (referenced  to  the  parametric  amplifier 
input  and  neglecting  the  effects  of  propagation  errors) 

•  Range  Rate:  less  than  0. 2  ft/sec  rms  for  both  bias  and  noise 
errors  (neglecting  the  effects  of  propagation  error) 


TABLE  2-1 

ORBITAL  TYPES  AND  PARAMETERS 


Type  of 

Orbit 

Maximum 
Ran  Re 
(nmi) 

Maximum 
Radial 
Velocity 
(10**  ft/sec) 

Maximum 

Radial 

Acceleration 

(ft/sec2) 

Maximum 

Doppler 

(kHz) 

100, 000  nmi 
(Worst  Case)  . 

100,000 

40.0 

175 

50  nml 
(Circular) 

290 

25.4 

114 

120  nmi 
(Circular) 

GOO 

25.3 

114 

6000  nmi 
(Circular) 

8,  000 

G.O 

3 

26 

150  to 

60, 000  nmi 
(Elliptical) 

60,000 

35.  4 

1430 

163 

Each  of  the  above  tracking  functions  is  discussed  in  greater  detail  in  the  following 
subparagraphs. 
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2. 2, 1  Angle 


The  basic  parameters  of  interest  in  a  discussion  of  angle  tracking  performance  are 
(1)  the  angular  velocity  and  acceleration  requirements  for  the  antenna  structure 
and  (2)  the  system  tracking  errors. 

The  peak  angular  velocity  capability  (imposed  by  the  servo  saturation  character¬ 
istics)  places  a  fundamental  limitation  on  the  ability  of  a  two -axis  azimuth- 
elevation  antenna  to  track  vehicles  passing  close  to  the  zenith.  This  is  the  well- 
known  "keyhole  effect, " 


For  tracking  of  low  circular  orbits  to  be  possible,  the  approximate  inequality 


e  i  -r-  tan  6  i 
vmax  h  el 

must  hold,  where  0  is  the  maximum  azimuth  angular  velocity  capability  of  the 
antenna,  v  is  the  linear  velocity  and  h  the  altitude  of  the  vehicle.  is  the  maxi-  . 
mum  elevation  angle  of  the  vehicle  viewed  from  the  antenna  site.  To  illustrate, 
for  the  high -gain  antenna,  0  is  15s /sec,  indicating  that  azimuth  tracking  capability 
will  be  exceeded  at  elevation  angles  greater  than  81*  for  a  100-mile  circular  orbit. 

The  angular  acceleration  effect,  on  the  other  hand,  is  a  limitation  in  the  sense 
that  acceleration-induced  tracking  errors  in  type  2  servo  loops  can  exceed  the 
system  angle  tracking  capability.  These  considerations  are  treated  in  some  depth 
in  Part  2  of  this  volume  (Paragraph  C.  6). 

Appendices  C  and  D  analyze  the  various  sources  of  angle  tracking  errors.  These 
error  sources  are  categorized  as:  RF,  Propagation,  Servo,  Mechanical,  and 
Calibration,  with  contributions  within  these  categories  originating  in  some  sixteen 
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souroes.  Figures  2-4  through  2-7  summarize  the  error  performance  of  the  angle 
traoklng  systems  for  both  the  high-  and  low-gain  antennas.  In  all  oases,  elevation 
errors  are  seen  to  be  less  than  1  mrad,  as  are  azimuth  errors  for  eleva¬ 
tion  angles  less  than  about  70°.  The  rapid  inorease  thereafter  is  due  to  the 
elevation  seoant  oorreotion  faotor  that  must  be  applied  to  many  of  the  azimuth  error 
terms. 


Elevation  Angle  (deg) 


Figure  2-4  Azimuth  Error  vs  Elevation  Angle 
(High-Gain  Antenna) 


Figure  2-6  Azimuth  Error  v«  Elevation  Angle 
(Low-Gain  Antenna) 
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Comparison  of  the  low-  and  high-gain  antennas  shows  that  noise  errors  exceed 
bias  errors  in  the  low-gain  case,  whereas  the  reverse  is  true  for  the  high-gain 
antenna.  This  result  is  largely  due  to  the  collimation  and  polarization  errors 
assigned  to  the  high-gain  antenna,  plus  the  phase  and  amplitude  unbalance  errors 
that  apply  only  to  the  high-gain  simultaneous -lobing  tracking  antenna. 

2.2,2  Ranging  Aocuracy 

PRN  ranging  system  accuracy  is  affected  by  the  following  factors: 

•  Receiver  noise 

•  Oscillator  stability 

•  Dynamic  errors 

•  Phase  instability 

•  Quantization  error 

•  Time  measurement  errors 

•  Propagation  errors 

Uncertainties  in  the  velocity  of  light  and  station  location  are  not  included.  Some 
of  the  error  sources  produce  bias  errors  that  vary  slowly  with  signal  level,  tem¬ 
perature,  and  component  aging.  Others  give  rise  to  more  rapid  fluctuations 
(noise  errors).  In  Table  2-2,  bias  and  noise  error  rms  values  are  presented  for 
the  orbits  listed  in  Table  2-1.  The  bias  and  noise  errors  for  the  hypothetical  worst 
case  are  36  and  32  ft,  respectively. 

The  random  noise  analysis  (Volume  III,  Appendix  II)  shows  that  at  a  subcarrier 
signal-to-noise  density  ratio  of  26.6  dB-Hz,  the  required  accuracy  of  30  ft  rms  can 
be  met.  This  condition,  defined  as  ranging  threshold,  includes  the  effects  of  uplink 
noise,  which  is  "turned  around"  along  with  the  PRN  code.  For  applications  that 
require  range  and  range-rate  data  only,  range  and  range  rate  threshold  simulta¬ 
neously  when  the  PRN  code  deviation  is  0.  3  rad  peak.  Acquisition  times  for  the 
short  (5,000  nmi)  and  long  (400,000  nmi)  codes  are  1  and  4  min,  respectively,  at 
threshold  (Volume  III,  Appendix  IX).  Smaller  acquisition  times  can  be  traded  in 
direct  proportion  for  increased  signal  power  (Figure  2-8). 
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TABLE  2-2 

RANGING  ERROR  RMS  VALUES  (FT) 

(Bias  and  Noise  Error  ritij  Values  for  Orbits  of  Table  2-l)a 


Error  Souroe 

100,000  nml 
(Worst  Case) 

50  nml 
(Circular) 

120  nml 
(Circular) 

8, 000  nml 
(Circular) 

180  to  60, 000  nml 
(Elliptical) 

Bias 

Noise 

Bias 

Noise 

Bias 

Noise 

Bias 

Noise 

Bias 

Noise 

Receiver  noise*5 

30.0 

----- 

I 

wm 

■M 

21.  0 

Oscillator  noise 

Dynamic  errors 

S.O 

5.0 

— 

D 

■9 

D 

B 

— 

Velocity 

10,0 

6.3 

■m 

Acceleration 

15.4 

— 

2.5 

HSISl 

Phase  instability 
Quantization 

13.8 

2.3 

13.8 

2.3 

13,8 

2.3 

13.8 

2.3 

13.8 

2.3 

Time  measurement 

10.0 

10.0 

10.0 

10.0 

10.0 

10.0 

10.0 

10.0 

10,0 

-^o.  0 

Reflections 

7.0 

7.0 

7.  0 

7.0 

7.0 

Propagations0 

17.0° 

0.3 

2.0 

0.3 

6.0 

0.3 

17.0° 

0.3 

8.0 

0.3 

Total  rms  error  (ft) 

36.4 

32.0 

19.6 

10.0 

19.6 

10.0 

25.7 

11.0 

20.6 

23.0 

a  Required  ranging  aoouraoy:  30  ft  (rms)  (-120  dBm  carrier  power  at  the  parametric  amplifier  Input  -  neglecting  propaga¬ 
tion  error),  tropospheric  bias  error  corrected.  , 

Downlink  Power  Budget  assumes  threshold  occurs  at  100, 000  nml  range. 

c  Ionospheric  and  tropospheric  bias  errors  corrected. 


The  acquisition  times  shown  do  not  include  the  time  required  for  acquiring  the 
500-kHz  clock,  which  is  done  automatically.  Also,  the  acquisition  times  shown  in 
Figure  2-8  are  ideal  since  the  integration  times  for  each  code  phase  are  available 
only  in  binary  multiples  of  a  major  machine  cycle  (124  psec).  These  times,  there¬ 
fore,  may  be  optimistic  by  as  much  as  a  factor  of  2.  Clock-loop  bandwidth  switching 
is  provided  with  three  bandwidths  available;  1,  4,  and  12  Hz.  The  4-Hz  band¬ 
width  would  be  chosen  for  normal  operation  since  it  combines  reasonable  dynamic 
errors  with  satisfactory  noise  performance  (Volume  III,  Appendix  II).  At  ranging 
threshold  power  levels,  the  medium  bandwidth  loop  (4  Hz)  expands  to  28  Hz  band¬ 
width,  whereas  the  wide  (12  Hz)  loop  is  about  50  Hz  (Figure  2-9).  The  doppler  and 
frequency  uncertainties  are  in  the  order  of  50  Hz. 
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In  addition  to  random  noise  and  dynamic  errors,  phase  instability  in  the  vehicle 
and  ground  receivers,  quantization,  and  time  measurement  errors  are  important 
contributors  to  the  total  range  error.  Phase  shift  variations  at  500  kHz  have  been 
measured  on  the  SGLS  transponder  and  the  ground  receiver.  The  largest  con¬ 
tributor  (14  ft  rms)  is  the  estimated  phase  error  in  the  analog  range  extraction 
equipment  (e.g.  ,  the  range  clock  loop  and  code-clock  transfer  loop)  resulting  from 
phase  detector  unbalance  and  finite  loop  gain.  Quantization  error  is  in  reality  the 
resolution  and  refers  to  the  smallest  time  interval  which  the  system  can  measure. 

In  the  error  budget,  however,  the  rms  value  of  this  quantity  is  used  rather  than 
the  maximum  value.  Timing  errors  are  estimated  total  values  for  the  digital  equip¬ 
ment  involved  in  the  range  measurement. 

Propagation  errors  caused  by  the  troposphere  and  ionosphere  are  significant  con¬ 
tributors.  The  tropospheric  bias  error  may  be  corrected  by  measuring  the  sur¬ 
face  refractivity  index  and  assuming  a  standard  refractivity  profile.  A  small 
residual  error  should  result.  The  ionospheric  error  must  also  be  corrected  if  the 
desired  accuracy  is  to  be  achieved;  otherwise  this  error  will  be  about  50  ft  for 
vehicles  above  300-nmi  altitude.  Because  of  the  variability  of  the  ionosphere,  the 
correction  is  more  difficult  to  make,  requiring  multiple  frequency  measurements. 

A  residual  error  of  one-third  the  bias  has  been  assumed  for  the  higher  altitude 
orbits. 


2.2.3  Range-Rate  Accuracy 

The  range-rate  error  budget  involves  the  definition  of  the  following  factor1-  that 
contribute  to  the  total  error  (Volume  III,  Appendix  I). 

•  Thermal  noise 

•  Oscillator  noise 

•  Quantization  noise 

•  Uncertainty  in  the  velocity  of  light 

•  Propagation  error 
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TABLE  2-3 

RANGE-RATE  ERROR  RMS  VALUES  (FT, 'SEC) 

(Bias  and  Noiae  Error  rms  Values  for  Orbits  of  Table  2-l)a 


Error  Source 

100,000  nml 
(Worst  Case) 

50  nml 
(Circular) 

120  nml 
(Circular) 

0,  000  nmi 
(Circular) 

150  to  60,000  nmi 
(Elliptical) 

Bias 

Noiae 

Bias 

Noiae 

Blaa 

Noise 

Biaa 

Noise 

Bias 

Noiso 

Thermal  noiae 

0,0001 

0.  0002 

0. 0017 

Oscillator  noise 

0.0017 

0.  0018 

0.  0067 

0.  0018 

Quantization 

o.  025 

0.025 

0,025 

0.025 

Velocity  of  light 

0.  052 

0. 033 

0.  034 

0.0078 

0,049 

1 

1 

Propagation  error 

0.  lb 

0.  002 

0,026 

0. 83b 

0.26 

0.  Q63b 

0.  002 

0,  lc 

1 

Subtotals 

0.112 

9 

0.  050 

0.  036 

0.  071 

0.036 

0.  063 

[0.115 

0.  036 

Total  rms  error 

| 

0. 120 

0.  062 

0. 079  1 

0.068 

0. 120 

(ft/sec) 

1 _ 

J 

l 

11  Required  range-rate  accuracy:  0.2  ft/sec  (rms)  neglecting  the  effects  of  propagation. 
b  Tropospheric  bias  error  corrected, 
c  Ionospheric  and  tropospheric  bias  errors  corrected. 


Range-rate  errors  resulting  from  these  sources  are  tabulated  in  Table  2-3  for 
various  orbits. 

Total  rms  errors  in  all  cases  satisfy  the  required  range-rate  accuracy  of  0.2  ft/ 
sec.  The  worst  case  and  elliptical  orbits  exhibit  the  greatest  error:  0. 12  ft/sec. 
The  greatest  contributor  in  all  cases  is  the  propagation  error,  and  in  all  cases  the 
tropospheric  bias  error  is  assumed  to  be  corrected.  In  addition,  for  orbits  pass¬ 
ing  near  the  altitude  of  the  ionospheric  Fmax  (160  nmi),  the  ionospheric  bias 
error  must  also  be  corrected  in  order  to  achieve  the  desired  overall  accuracy. 

This  is  the  case  for  the  perigee  of  the  elliptical  orbit  as  indicated  in  Table  2-3. 

The  residual  error  after  correction  is  assumed  to  be  about  one-third  of  the 
initial  bias.  The  fluctuation  or  noise  errors  caused  by  the  propagation  medium  are 
quite  acceptable. 
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Among  the  other  sources  of  error,  uncertainty  in  the  velocity  of  light  is  seen  to  be 
an  important  contributor  to  the  bias.  Thus,  both  major  error  sources  are  ex¬ 
ternal  to  SGLS.  Furthermore,  both  are  bias  errors  that  are  not  subject  to  smooth¬ 
ing  over  several  observations.  The  SGLS  contributions  to  range-rate  errors 
(thermal  noise,  oscillator  noise,  and  quantization)  are  essentially  random  phe¬ 
nomena,  the  effects  of  which  can  be  reduced  by  repeating  sampling.  For  the  worst- 
case  orbit,  these  three  errors  are  each  maximum  and  about  one-tenth  of  the  total 
accuracy  requirement.  The  thermal  and  oscillator  noise  effects  are  mission- 
dependent,  while  quantization  error  is  not. 

The  quantization  error  is  subject  to  further  reduction  should  this  prove  desirable. 
Since  the  doppler  frequency  is  measured  by  counting  the  cycles  (n„)  of  a  reference 

a 

oscillator  during  the  time  required  to  complete  a  predetermined  number  (n^  of 
doppler  cycles,  the  error  due  to  the  one -count  uncertainty  in  stopping  the  reference 
counter  can  be  reduced  by  increasing  the  counting  frequency. 
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SECTION  3 

DOWNLINK  SERVICES 

SGLS  downlink  services  provide  for  the  transmission  of  telemetry,  analog,  and 
voice  information  from  the  spacecraft,  to  the  ground  station.  This  section  de¬ 
scribes  these  services  as  well  as  the  downlink  structure  and  the  signal  detection, 
decommutation,  and  data  distribution  functions.  This  description  is  followed  by 
an  examination  of  the  effects  of  interference  between  downlink  services  and, 
lastly,  by  an  analysis  of  downlink  performance  in  terms  of  system  noise  temper¬ 
ature,  dynamic  range,  and  the  various  service  thresholds.  In  view  of  the  large 
number  of  options  available,  a  procedure  is  also  included  to  assist  the  SGLS  user 
in  determining  the  performance  of  a  specific  combination  of  services. 

3. 1  DOWNLINK  FUNCTIONAL  DESCRIPTION 

3.1.1  Downlink  Structure 


Downlink  services  are  transmitted  on  three  carriers  (Carriers  1,  2,  and  3)  that 
are  available  in  a  variety  of  combinations.  Services  on  Carrier  1  are  multiplexed 
on  three  separate  subcarriers,  while  direct  carrier  modulation  is  used  on  Car¬ 
riers  2  and  3. 

Carrier  1  may  be  used  singly  or  together  with  Carrier  2.  Carrier  2,  however, 
may  not  be  used  except  in  conjunction  with  Carrier  1.  Use  of  Carrier  3  pre¬ 
cludes  the  use  of  the  other  carriers.  These  options  are  illustrated  in  Figure  3-1. 

Carriers  1  and  2  each  occupy  a  5-MHz  RF  bandwidth  with  the  Carrier  2  center 
frequency  5-MHz  below  the  center  frequency  of  Carrier  1.  Each  of  these  carriers 
occupies  one  of  the  20  downlink  channels  available  in  the  2200  to  2300-MHz  fre¬ 
quency  band.  A  1-MHz  guard  band  is  provided  between  the  two  carriers  in  the 
adjacent  channels. 
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Figure  3-1  SGLS  Downlink  Services 
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Carrier  3  occupies  up  to  a  35-MHz  RF  bandwidth  and  provides  a  wideband  com¬ 
munication  downlink.  These  frequency  relationships  are  illustrated  in  Figure  3-2. 

Carrier  1 

Carrier  1  is  a  rational  fraction  (256/205)  of,  and  is  phase  coherent  with,  the  up¬ 
link  carrier.  (In  the  absence  of  an  uplink  carrier,  drive  to  the  Carrier  1  trans¬ 
mitter  can  be  generated  locally  in  spacecraft.) 

The  baseband  of  Carrier  1  consists  of  three  subcarriers  and  the  PRN  ranging  sig¬ 
nal.  The  three  subcarriers  may  be  used  separately  or  in  any  combination.  Their 
center  frequencies  are  1.024,  1.25  and  1.7  MHz.  This  baseband,  in  turn,  phase 
modulates  the  RF  carrier. 

1. 024-MHz  Subcarrier.  The  1.024-MHz  subcarrier  transmits  low-rale  PCM  with 
bit  rates  from  7.8  bps  through  128  kbps  (see  Table  3-1).  These  PCM  data  phase 
modulate  the  subcarrier  +90  or  -90  degrees  in  each  bit  interval. 

1. 25-MHz  Subcarrier.  The  1. 25 -MHz  subcarrier  is  frequency  modulated  by 
either  voice  communications  or  analog  data.  The  information  bandwidth  for  voice 
communications  is  3.  5  kHz  with  a  predetection  bandwidth  of  25  kHz.  For  analog 
data,  the  information  bandwidth  is  20  kHz  with  a  predetection  bandwidth  of  155  kHz. 

1.7-MHz  Subcarrier.  The  1.7 -MHz  subcarrier  has  a  predetection  bandwidth  of 
660  kHz  and  is  modulated  by  either  PCM,  PAM,  or  FM  telemetry  data.  The  PCM 
data  biphase  modulates  the  subcarrier  at  bit  rates  from  125  bps  through  256  kbps 
(see  Table  3-1),  while  frequency  modulation  is  used  for  PAM  or  FM  telemetry 
data. 

PRN  Ranging  Signal.  The  PRN  ranging  signal  is  either  a  1-Mbps  PRN  code  or  a 

500-kHz  clock  signal  that  is  extracted  from  the  uplink  carrier  by  the  spacecraft 

1 

receiver  and  inserted  in  the  Carrier  1  downlink  baseband.  This  signal,  as  pre¬ 
viously  noted  in  Paragraph  2. 1. 2,  is  required  for  range  determination  by  the 
ground  station. 
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Figure  3-2  Downlink  Baseband 


TABLE  3-1 

PCM/PM  TELEMETRY  DATA  RATES  (kbps) 


Carrier  1 

Carrier  2 

X.  024  MHz  Subcarrier 

1. 7  MHz  Subcarrier 

0.  0078125 

0. 125 

128 

0.03125 

0.25 

256 

0.  0625 

0.5 

512 

0.25 

1.0 

750 

0.6 

2.0 

1024 

1.0 

4.0 

1.6 

8.0 

4.0 

16.0 

8.0 

32.0 

32.0 

64.0 

51.2 

128.0 

64.0 

256.0 

128.0 
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Carrier  2,  Carrier  2  is  noncoherent  with  the  uplink  and  is  biphase  modulated  by 
high-rate  PCM  data  at  bit  rates  of  128  kbps  through  1.024  Mbps  (see  Table  3-1). 

As  indicated  earlier,  the  center  frequency  of  this  carrier  is  5  MHz,  below  the 
center  frequency  of  Carrier  1. 

Carrier  3.  Carrier  3  is  a  noncoherent,  wideband,  frequency  modulated  service 
that  may  be  used  to  transmit  either  analog  or  digital  data.  Information  bandwidths 
of  0. 2,  1. 0,  and  10  MHz  are  available. 

3.1.2  Signal  Detection 

To  accommodate  functional  requirements  imposed  by  the  structure  of  the  downlink, 
the  ground  receiver  must 

•  Receive  and  coherently  demodulate  to  baseband  the  S-Band  PM 
multiplex  carrier  (Carrier  1). 

•  Simultaneously  receive  and  translate  to  45  MHz  a  second  wideband 
signal  (Carrier  2)  that  appears  5  MHz  below  Carrier  1. 

•  Receive  and  noncoherently  demodulate  to  baseband  a  wideband  FM 
carrier  (Carrier  3),  Carrier  3  not  being  present  simultaneously 
with  Carriers  1  and  2. 

Actual  demodulation  of  C sprier  2  takes  place  outside  the  ground  receiver  in  a 
physically  separate  unit,  as  does  demultiplexing  and  subsequent  demodulation  of 
the  Carrier  1  subcarriers. 

These  requirements,  plus  a  requirement  for  computer  control  of  tuning  by  an 
external  computer,  play  a  determining  role  in  establishing  the  receiver  design  con¬ 
cept  described  below.  Additional  features  of  the  ground  receiver  (known  as  the 
Ground  Receiver  and  Analog  Ranging  Equipment  —  GRARE)  provide  for  angle  track¬ 
ing,  ranging,  and  range-rate  determination. 
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The  receiver  is  a  three-channel  device  that  processes  sum  and  difference  outputs 
from  the  SGLS  tracking  comparator  to  yield  azimuth  and  elevation  error  outputs. 
In  an  alternative  mode  for  use  with  conical -scan  antenna  systems,  the  GRARE 
develops  a  30-Hz  conical-scan  error  signal.  The  GRARE  also  performs  the  an¬ 
alog  functions  associated  with  the  extraction  of  range  information,  such  as  the 
measurement  of  range-code  correlation  and  code-clock  acquisition.  In  addition, 
the  GRARE  provides  a  67.2-  to  70.3-MHz  signal  that  contains  doppler  shift  infor¬ 
mation  for  use  by  the  range -rate  extraction  equipment. 

Figure  3-3  is  a  simplified  version  of  the  SGLS  ground  receiver  block  diagram, 
illustrating  the  design  features  described  below. 

Receiver  Operation 

RF  and  First  IF.  The  receiver  RF  front  end  accepts  an  S-band  input  from  the 
parametric  amplifier  and  converts  it  to  the  of  130-MHz  first  IF.  Preceding  the 
first  mixer  are  an  S-band  low-pass  filter,  an  isolator,  and  an  S-band  preselector. 
The  preselector  is  a  5-pole  Chebyshev  filter  with  a  1-dB  bandwidth  of  approxi¬ 
mately  120  MHz  that  ensures  40-dB  minimum  first  image  rejection.  Providing  a 
low -loss  path  for  the  input  signal,  the  isolator  attenuates  the  local  oscillator  leak¬ 
age  signal  that  appears  at  the  RF  front  end.  The  lowpass  filter  further  attenuates 
the  first  image  frequency  along  with  any  residual  uplink  signal  that  appears  as 
low-level  parametric  amplifier  throughput  or  as  RFI.  High-side  local-oscillator 
injection  is  used  in  order  to  minimize  the  possible  spurious  output.  The  first 
local  oscillator  is  derived  from  the  combination  of  a  voltage-controlled  oscillator 
and  a  frequency  synthesizer,  with  the  resulting  signal  multiplied  X96  to  the  2330 
to  2430  MHz  frequency  range. 

One  of  three  bandwidths  (35,  3.0,  and  0.5  MHz)  may  be  selected  in  the  130-MHz 
first  IF:  these  defining  the  noise  bandwidth  in  the  reception  of  the  noncoherent 
Carrier  3.  In  the  coherent  Carrier  1  and  2  mode,  the  35-MHz  bandwidth  is 
automatically  selected. 
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Second  IF.  The  second  IF  frequency  is  50  MHz.  High-side  local -oscillator 
injection  is  again  used  in  the  second  down -conversion,  which  results  in  transla¬ 
tion  of  the  Carrier  2  signal  frequency  to  the  desired  45  MHz.  The  180-MHz  local 
oscillator  is  derived,  along  with  all  other  fixed  frequency  reference  signals,  from 
a  20-MHz  stable  crystal  oscillator. 

Bandwidth  selection  also  takes  place  at  50  MHz.  A  wideband  (greater  than  35  MHz) 
filter  is  selected  in  the  wideband  Carrier  3  mode  and  a  4-MHz  bandwidth  in  the 
Carrier  1  and  2  mode.  The  wide  bandwidth  ensures  that  Carrier  3  bandwidth 
control  takes  place  in  the  preceding  (130  MHz)  IF,  while  the  4-MHz  bandwidth 
position  separates  the  45-MHz  Carrier  2  signal  from  the  50-MHz  Carrier  1  signal. 
Carrier  3  demodulation  is  performed  at  50  MHz,  Carrier  1  is  passed  to  a  third  IF 
for  subsequent  demodulation.  The  gain  of  the  50-MHz  IF  amplifier  is  controlled 
by  an  AGC  signal  derived  from  the  third  IF.  The  AGC  loop  design  is  considered 
in  detail  in  Volume  II,  Appendix  G. 

Third  IF.  The  resulting  10-MHz  signal  is  then  distributed  to  the  coherent  Carrier  1 
demodulator,  to  the  phase-lock-loop  detector,  to  the  AGC  detector,  and  to  the  analog 
ranging  section  of  the  receiver.  The  derived  AGC  is  used  to  control  the  gain  of 
both  the  50-MHz  and  the  10-MHz  IF  amplifiers. 

Local  Oscillators.  The  fixed  local  and  reference  oscillator  frequencies  (180,  60, 
and  10  MHz)  are  derived  from  the  same  stable  20-MHz  crystal  oscillator  source  by 
multiplying  X9,  X3,  and  Xl/2,  respectively.  The  choice  of  this  configuration  was 
based  on  information  provided  in  Volume  II,  Appendix  A. 

The  first  local  oscillator  (180-MHz  nominal  frequency)  completes  the  feedback  path 
of  the  reference  phase-locked  loop.  This  LO  signal  is  derived  by  multiplying  the 
output  of  a  frequency  synthesizer  by  a  factor  of  96  in  three  stages  (X3,  X4,  X8). 

The  output  of  the  synthesizer,  in  turn,  is  developed  by  using  the  signal  from  the  VCO 
in  the  phase-locked-loop  circuit  as  a  base  for  incrementing  the  synthesizer  output 
frequency  to  the  nominal  frequency  of  the  selected  band,  the  nominal  frequency  of  the 
VCO  is  25  MHz  and  the  synthesizer  output  is  variable  from  a  nominal  frequency  of 
24  MHz  to  26  MHz,  depending  upon  the  band  selected. 
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The  synthesizer  is  remotely  adjustable  in  100-Hz  increments,  giving  a  remote 
timing  resolution  of  9. 6  kHz.  The  doppler  tracking  requirements  on  the  VCO  are 
such  that  a  VCO  tuning  range  of  ±2. 1  kHz  (maximum)  will  cover  the  desired  dop¬ 
pler  range  of  ±200  kHz  after  multiplying  the  synthesizer  output  X96. 

Reference  Phase-Locked  Loop.  The  primary  function  of  the  loop  is  to  enable 
coherent  demodulation  of  Carrier  1,  and  secondarily,  to  provide  coherent  auto¬ 
matic  gain  control. 

Major  design  features  of  the  reference  phase -locked  loop  are  the  use  of  (1)  the 
long-loop  concept  and  (2)  the  above-mentioned  synthesized  VCO. 

The  loop  design,  chosen  as  a  result  of  the  analysis  reported  in  Volume  II, 
Appendix  G,  meets  the  SGLS  incremental  tuning  requirements  with  low  incidental 
phase  noise  due  to  oscillator  jitter. 

The  loop  consists  essentially  of  the  triple  conversion  RF/IF  chain  in  the  forward 
path,  a  bandpass  filter-limiter  and  a  loop  phase  detector,  followed  by  a  VCO 
synthesizer  combination  forming  the  feedback  path.  The  loop  is  closed  around  the 
first  mixer  at  S-band.  The  15-kHz  bandpass  filter -limiter  combination  provides 
good  performance  at  low  signal-to-noise  ratios.  Noise  suppression  of  the  car¬ 
rier  in  the  limiter  results  in  a  decrease  in  loop  bandwidth  as  the  carrier -to -noise 
ratio  is  reduced  below  about  6  dB,  thus  tending  to  partially  offset  the  effects  of 
noise. 

The  loop  has  an  active  loop  filter  that  gives  a  high  dc-loop  gain,  enabling  static 
phase  error  less  than  0. 1  rad  to  be  obtained  at  extreme  frequency  offsets.  The 
loop  is  also  provided  with  an  automatic  acquisition  feature.  In  this  mode,  the 
loop  filter  is  pulsed,  causing  the  VCO  to  perform  a  sawtooth  frequency  sweep. 

The  sweep  rate  is  chosen  to  be  compatible  with  the  ability  of  the  loop  to  lock  to 
the  signal  without  excessive  sweep-induced  phase  error.  Once  acquired,  the 
presence  of  the  signal  is  registered  by  a  coherent  amplitude  detector  and  the 
acquisition  sweep  is  disabled.  The  sweep  ranges  and  sweep  rates  corresponding 
to  the  available  phase-lock  bandwidths  are  shown  in  Table  3-2.  The  loop  damping 
factor  is  0.  7  ±  0.2  at  high  signal-to-noise  ratios. 
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TABLE  3-2 


Signal  Demodulation 


receiver  sweep  ranoes  and  rates  Carrier  1.  The  PM  Carrier  1 

multiplex  is  demodulated  to  base¬ 
band  in  a  10-MHz  wideband  phase 
detector.  This  phase  detector 
uses  the  same  10-MHz  reference 
source  as  the  phase -locked  loop, 
except  that  the  demodulator  reference  requires  a  phase  adjustment  to  balance 
out  any  residual  phase  offset  that  is  due  to  the  10-MHz  crystal  filter  in  the  ref¬ 
erence  phase-locked  loop.  The  ground  receiver  outputs  the  resulting  multiplex 
for  baseband  separation  and  subsequent  demodulation.  Essential  performance 
features  of  the  1.024-,  1.25-,  and  1.7-MHz  subcarrier  demodulators  are  de¬ 
scribed  below.  The  demodulators  are  physically  located  in  equipment  items  ex¬ 
ternal  to  the  ground  receiver. 


Loop  Uundwldth 

hblo 

(Hr.) 

SWBOp 

ftauiifl 

(kiln) 

Sweep 

HilUt 

(kllz/Bec) 

200 

*10 

1 

1000 

*100 

20 

5000 

*200 

500 

1. 024-MHz  Subcarrier.  The  1.024-MHz  biphase  modulated  PCM  subcarrier  is 
separated  from  the  Carrier  1  multiplex  by  one  of  six  bandpass  filters.  It  is  then 
coherently  demodulated,  the  coherent  reference  being  obtained  from  the  sup¬ 
pressed  carrier  signal  by  a  squaring  loop.  The  demodulated  output  then  feedga 
bit  synchronizer  that  regenerates  the  noisy  bit  stream  using  an  integrate  and 
dump-matched  filter.  The  predetection  bandwidth  is  selected  according  to  the 
PCM  bit  rate,  which  may  range  from  8  bps  to  128  kbps. 


1.  25-MHz  Subcarrier.  The  1.  25-MHz  subcarrier  is  also  demultiplexed  by 
selecting  one  of  two  bandpass  filters  applicable  to  narrowband  FM  voice  or  gen¬ 
eral  purpose  analog  FM  modulation.  The  filter  bandwidths  are  25  kHz  and  155 
kHz,  respectively.  The  demultiplexed  1. 25-MHz  signal  is  applied  to  a  modulation 
tracking  phase  lock  loop,  with  one  output  supplied  to  the  user  directly.  A  second 
output  is  supplied  vi"  a  voice -bandwidth  filter.  This  latter  output  may  be  mon¬ 
itored  with  a  loudspeaker. 


1.7-MHz  Subcarrier.  Various  techniques  may  be  used  to  modulate  the  1.7-MHz 
subcarrier  subject  to  the  restriction  of  the  660-kHz  wide  demultiplexing  bandpass 
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filter.  The  demultiplexed  subcarrier  is  output  directly  after  translation  to  10  MHz, 
without  demodulation  although  an  FM  discriminator  output  also  is  provided  for 
monitoring  purposes.  This  subcarrior  channel  is  suitable  for  PAM/FM  or  IRIG 
FM/FM  telemetry  channels. 

A  second  optional  application  of  the  l.?-MHz  subcarrier  is  its  use  as  an  additional 
biphase  PCM  channel.  A  1.7-MHz  PCM  demodulator,  actually  operating  on  the 
translated  10-MHz  output  signal  of  the  demultiplexing  unit,  is  also  provided  for 
this  purpose.  The  bit -rate  capability  is  from  125  bps  to  256  kbps. 

Carrier  2.  Carrier  2  also  carries  biphase  PCM  at  rates  from  128  kbps  to  1024  kbps. 
A  separate  Carrier  2  demodulator  is  provided  to  operate  on  the  45-MHz  Carrier  2 
output  of  the  ground  receiver. 

The  Carrier  2  demodulator  extracts  the  PCM  telemetry  data  by  means  of  a  data 
phase  detector,  a  loop  phase  detector,  an  in-phase  quadrature  (I-Q)  multiplier, 
and  a  loop  amplifier  /voltage  -controlled  crystal  oscillator  (VCXO).  The  Carrier  2 
demodulator  receives  the  second  IF  from  the  reference  receiver  as  an  input. 

Carrier  2  data  is  centered  at  45  MHz,  and  appropriate  filtering  used  to  reject  the 
50 -MHz  Carrier  1  signal.  Coherent  demodulation  of  the  data  is  accomplished  by 
the  conventional  loop  and  data  phase  detectors,  using  the  coherent  45-MHz  VCXO. 

The  I-Q  multiplier  ensures  that  the  correct  polarity  of  error  signal  is  applied  to 
the  loop  amplifier  and  VCXO  during  phase  reversals  that  are  caused  by  input  bi¬ 
phase  data  modulation.  The  multiplier  effectively  switches  polarity  of  the  loop 
error  signal  as  a  function  of  PCM  data  polarity. 


Carrier  3.  Carrier  3  FM  de-  table  3-3 

modulation  takes  place  within  carrier  3  demodulation  options 

the  ground  receiver.  A  conven¬ 
tional  FM  limiter  dif  'minator 
is  used  in  the  very  wu  .Oand 
mode  (35-MHz  IF  bandwidth) 
while  a  modulation  tracking  phase-locked  loop  provides  some  degree  of  threshold 

extension  in  the  two  narrower  bandwidth  modes.  Baseband  post-discriminator  filter¬ 
ing  is  also  provided.  Table  3-3  indicates  the  available  bandwidth/demodulator  com¬ 
binations.  O  1  1 


Demodulator 

IK  Bandwidth 
(MHz) 

Baseband  Width 
(MHz) 

Discriminator 

35.0 

10.0 

Phone  Locked  Loop 

3.0 

1.0 

Phase  Locked  Loop 

0.5 

0.2 
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3. 1. 3  PCM  Decommutation 


The  PCM  deoommutation  equipment  (Figure  3-4)  is  designed  to  handle  two 
independent  bit  streams  simultaneously.  Handling  of  PCM  data 
consists  of  reconstructing  the  degraded  serial  data,  finding  the  appropriate  syn¬ 
chronization  patterns  in  the  serial  data,  performing  a  serial-to-parallel  conversion, 
and  outputting  selected  parallel  data  words  to  an  external  computer.  To  ensure 
that  sensitive  data  cannot  be  inadvertently  obtained  by  unauthorized  users,  pre¬ 
cautions  have  been  taken  to  ensure  that  radiated  and  conducted  signals  are  held 
to  very  low  levels. 


20  32 

Analog  Discrete 

Output*  Outputs 


Tape 

Recorder 


Figure  3-4  PCM  Decommutation  Equipment  Block  Diagram 

The  bit  synchronizer  accepts  a  signal  degraded  by  noise,  jitter,  baseline  offset, 
and  other  perturbations,  and  reconstructs  the  signal,  along  with  generating  a  clock 
signal  at  the  input  bit  rate.  Bit  synchronizer  inputs  are  selectable  from  three 
demodulators,  two  tape  recorders,  the  simulator,  simulated  encrypted  data,  and 
one  auxiliary  input.  Reconstructed  serial  data  outputs  with  clocks  are  provided  to 
the  KGR-28  decryption  equipment  and  group  synchronizer.  An  unclocked  data  out¬ 
put  is  provided  for  postdetection  recording. 

Data  inputs  to  the  bit  synchronizer  may  be  automatically  acquired  at  any  one  of  17 
discrete  rates  between  7  bps  and  1.  2  Mbps.  Data  rates  at  other  than  the  discrete 
frequencies  can  be  accommodated  by  manual  control.  Input  codes  that  are  accom¬ 
modated  are  shown  in  Figure  3-5.  Bit-error-rate  performance  with  any  code  is 
within  1  dB  of  theoretical  noise  performance  for  that  code.  The  group  synchronizer 
accepts  either  the  KGR-28  output  or  clear  data  directly  from  the  bit  synchronizer. 
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KM  CODE  PULSE  PATTERN  EX  PLAN  ALTON 


NONRETURN  TO  ZERO  LEVEL 
(OR  NONRETURN-TO-ZERO  CHANGE): 
"Om".  ora  (wot 
"Imo",  othot  tovvl 


NONRETURN-TO  -ZERO  MARK: 
"Ora",  a  chartga  In  lavat 
"Zaro",  no  ohango  In  taval 


NONRETURN-TO-ZERO  SPACE: 
"Ora",  no  change  In  Itvtl 
“Zaro",  a  change  In  toel 


RETURN -TO  -ZERO: 

"One”,  a  half  -bit  wide  pulaa 
"Zero",  no-pulw  condition 

BIPHASE  LEVEL: 

"One",  a  "10" 

"Zeto",  a  "0V 

BIPHASE  MARK: 

A  traniltion  occurs  at  the  beginning  of  every  bit  period 
"One",  a  second  transition  half-bit-period  later 
"Zero”,  no  second  transition 


BIPHASE  SPACE: 

A  transition  occurs  at  the  beginning  of  every  bit  period 
"One",  no  second  transition 
"Zero",  a  second  transition  half  bit-period  later 

Figure  3-5  PCM  Codes 

Mainframe  and  subframe  synchronization  pattern  search  is  performed  by  the  group 
synchronizer.  Synchronization  patterns  may  be  from  4  to  64  bits  in  length  and  may 
be  syllabized  into  as  many  as  16  syllables  with  a  minimum  of  4  bits  per  syllable. 

As  many  as  four  asynchronous  subframes  or  sub-subframes  may  be  accommodated. 
Subframes  may  be  the  recycle  type  (synchronization  patterns)  or  identification  type. 
Main  frame  length,  subframe  length,  and  the  number  of  synchronous  subframes  are 
unlimited  except  that  the  program  to  handle  them  must  be  stored  in  4096  24-bit 
words  of  core  memory. 

After  having  found  the  main  and  subframe  synchronization  pattern,  the  group  syn¬ 
chronizer  divides  the  serial  data  stream  into  data  words  of  1  to  32  bits  and  places 
them  in  a  32-bit  register,  if  the  data  word  contains  less  than  32  bits,  -  the  least 
significant  bits  are  set  to  zeros.  Data  from  the  register  can  then  be  routed  to  D/A 
converters  or  discrete  relays,  the  computer  buffer,  or  the  data  can  be  discarded. 
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The  D/A  converters  receive  the  eight  most  signillcant  bits.  The  discrete  relays 
receive  data  from  one  of  four  4-bit  syllables  that  comprise  the  16  most  significant 
bits  of  the  32-bit  register.  The  computer  buffer  receives  the  20  most  significant 
bits.  The  remaining  four  bits  that  comprise  the  24-bit  word  stored  in  the  computer 
hyffer  are  the  status  of  the  group  synchronizer. 

Data  stored  in  the  512-word  computer  buffer  is  output  upon  demand  to  the  CDC 
160A  computer  in  the  same  order  in  which  it  is  stored.  Each  24-bit  word  is 
divided  into  12-bit  half  words  prior  to  transfer  to  the  computer. 

An  additional  output  from  the  group  synchronizer  is  an  RZ  bipolar  coded  serial  data 
stream  consisting  of  48  consecutive  bits  extracted  from  each  main  frame  and 
clocked  at  10  kbps. 

All  of  the  operating  parameters  for  the  bit  synchronizer  and  group  synchronizer 
described  above  are  stored  in  the  group  synchronizer  core  memory.  These 
parameters  are  normally  loaded  from  the  160A  computer.  In  addition,  a  paper- 
tape  reader  (located  at  the  ground  station)  can  be  used,  or  loading  can  be  accom¬ 
plished  manually.  Loading  or  changing  these  parameters  can  only  be  accomplished 
when  the  group  synchronizer  is  stopped. 

In  addition,  by  means  of  function  codes,  the  160A  computer  can  control  several 
other  operations;  namely,  starting  and  stopping  the  transfer  of  all  data  via  the 
computer  buffer;  starting  and  stopping  the  decommutator;  requesting  a  group 
synchronizer  status  word  that  is  subsequently  passed  over  the  same  data  lines 
as  are  the  words  from  the  computer  buffer;  and  requesting  a  digital  command  buf¬ 
fer  (DCB)  word  that  is  36  consecutive  bits  (from  every  main  frame)  transferred  to 
the  DCB  as  three  12-bit  words  for  command  authentication.  The  location  of  the 
36  bits  is  also  specified  by  the  160A  computer  via  the  DCB. 

In  addition  to  the  two  bit  synchronizers  and  two  group  synchronizers,  a  simulator 
is  provided  for  performance  testing  of  the  PCM  equipment.  The  simulator  can 
produce  any  format  that  the  bit  synchronizer  and  group  synchronizer  can  handle, 
and  can  provide  any  of  the  common  forms  of  signal  degradation.  In  addition, 
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the  simulator  can  compare  the  output  of  the  bit  synchronizer  or  group  synchronizer 
with  the  simulated  input  data. 

The  simulator  is  programmed  (except  for  signal  perturbations)  by  the  160A  com¬ 
puter,  paper-tape  reader,  or  manually.  Outputs  are  also  provided  for  loop  testing 
additional  equipment  outside  the  PCM  equipment.  All  satellite  modes  of  operation, 
including  command  authentication  and  data  encryption,  can  be  tested. 

3.1.4  Data  Distribution 


uplink  and  downlink  signals  may  be  recorded  and  played  back  in  a  variety  of 
formats  by  two  Ampex  FR-1600  wideband  tape  recorders.  Each  recorder  is  capable 
of  recording  up  to  seven  tracks.  By  relocating  electronic  modules  within  the 
recorder,  signals  may  be  recorded  in  either  a  direct  or  FM  mode.  The  recording 
and  playback  head  stack  configuration  is  in  accordance  with  IRIG  standards.  Track 
assignments  for  both  recording  and  playback  are  made  by  the  signal  switching 
facility  (SSF),  which  serves  as  a  recorder  tie  point  for  all  SGLS  data  lines.  In 
addition  to  the  reconfiguration  function,  the  SSF  also  contains  necessary  line 
bridging  amplifiers  to  ensure  that  the  recording  and  playback  requirements  are 
met  without  introducing  degradation  to  the  real-time  signals. 

To  satisfy  various  program  recording  requirements,  the  recorders  can  be  operated 
in  either  a  sequential  or  simultaneous  mode.  In  the  simultaneous  mode,  redundant 
real-time  recordings  can  be  made.  In  the  sequential  mode,  data  is  recorded 
alternately  on  each  of  the  tape  recorders;  in  this  way,  data  can  be  recorded  for 
extended  intervals.  Automatic  control  provides  recording  overlap  to  ensure  no 
loss  of  data. 


To  permit  use  of  the  recorders  by  non-SGLS  programs,  a  switching  capability 
has  been  incorporated  which  allows  recording  and  playback  of  seven  data  channels 
from  the  RTS  FM/FM  ground  station. 


Table  3-4  depicts  the  possible  configuration  capability  within  the  SSF,  where  a 
indicates  a  permissible  connection.  The  significant  characteristics  of  the  FR-1600 
recorders  are  summarized  in  Table  3-5, 
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TABLE  3-3 

SOLS  TAPE  RECORDER  CAPABILITIES  SUMMARY 


Number  of  Tracks 

7 

Nominal  Configuration 

FM/FM  Channels:  1,  5,  and  7 

Direct  Channels;  2,  3,  4,  and6 

Tape  Speeds 

240,  180,  120,  60,  30,  15,  7  1/2 
and  3  3/4  ips 

Direct  Frequency  Response 

±  3  dB,  800  Hz  to  2  MHz  @  120  ips  ' 

FM/FM  Frequency  Response 

+5,  -5.5  dB,  dc  to  500  kHz  @  120  ips 

Signal -to -Noise  Ratio 

20  dB  minimum  in  direct,  26  to 

30  dB  minimum  in  FM/FM 
(depending  on  tape  speed) 

FM/FM  Center  Frequency 

900  kHz 

Remote  Control 

All  transport  functions  can  be 
remotely  sensed  and/or  controlled 
by  a  computer.  The  system  can 
be  operated  in  either  a  simultaneous 
or  sequential  mode. 

3.2  SIGNAL-TO-INTERFERENCE  ANALYSIS 

/ 

In  view  of  the  complexity  of  the  downlink  the  S/I  ratios  in  the  various  services 
were  examined  to  access  their  impact  on  system  performance. 

Three  categories  of  interference  were  considered.  These  are:  intermodulation, 
distortion  due  to  phase  nonlinearity  and  amplitude  ripple,  and  spurious  inter¬ 
ference  due  to  spectral  overlap.  The  interference  of  interest  is  inherent  in  the 
system  as  a  result  of  the  baseband  structure  employed  and  the  associated  modu¬ 
lation  and  demodulation  techniques  used  to  provide  the  required  downlink  services. 
Interference  introduced  prior  to  modulation  and  subsequent  to  demodulation  is 
of  lesser  concern  since  the  magnitude  of  such  interference  is  controlled  by 
appropriate  circuit  design.  For  this  reason,  these  interference  effects  are  not 
considered  here. 

In  the  discussion  that  follows,  it  is  shown  that  worst-case  interference  levels  do 
not  limit  downlink  performance. 
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3.2.1  Intermodulation 

Phase  modulation  of  the  carrier  by  a  composite  baseband  of  subcarriers  results  in 
the  generation  of  RF  sidebands,  some  of  which  are  first-order  sidebands  displaced 
from  the  carrier  by  frequencies  equal  to  the  subcarrier  frequencies.  Others  ap¬ 
pear  as  crossproduct  terms  separated  from  the  carrier  by  multiples  of  the  sum  and 
difference  frequencies,  accompanied  by  higher  order  terms.  Since  the  demodu¬ 
lation  process  is  coherent,  the  spectrum  of  the  demodulated  output  is  identical  to 
the  spectrum  of  the  composite  baseband  but  additionally  contains  these  cross- 
product  terms  introduced  by  phase  modulation  of  the  RF  carrier.  (Note  that,  if  a 
phase  discriminator  were  used  in  the  demodulation  process,  the  output  of  such  a 
discriminator  would  be  a  replica  of  the  composite  baseband  without  the  cross- 
products.)  This  occurs  because  the  coherent  phase  detector  is  a  linear  frequency 
translation  device.  To  facilitate  the  analysis  of  the  effects  of  these  crossproducts, 
the  detector  is,  however,  treated  as  a  phase  discriminator  followed  by  a  sinu¬ 
soidal  nonlinearity.  It  can  be  shown  that  this  model  is  equivalent  to  the  selected 
coherent  phase  detector. 


Because  of  the  several  services  arranged  in  frequency  division  multiplex  (FDM) 
on  Carrier  1,  the  intermodulation  (IM)  requirements  of  this  carrier  determine 
the  allowable  downlink  baseband  and  phase  nonlinearities.  The  uplink  is  designed 
such  that  its  contribution  to  nonlinearity  is  negligible.  A  model  for  determining 
IM  distortion  is  shown  in  Figure  3-6.  Baseband  amplitude  nonlinearities  are 
variations  from  perfect  linearity  of 
the  modulator-  and  baseband-ampli- 

PW  *•.,  Vz1;™'  -V.'U 
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nonlinearities  are  chiefly  variations 

from  linearity  of  the  phase -shift  ver-  Figure  3-6  im  Diwortion  Mod.i 

sus  frequency  characteristic  for  IF 

and  RF  portions  of  the  system.  This  is  ordinarily  specified  and  measured  as  the 
variation  from  a  constant  value  of  the  envelope  delay  as  a  function  of  frequency. 


Figure  3-6  IM  Distortion  Model 


In  Volume  III,  Appendix  IV,  general  expressions  are  developed  for  nonlinearities 
of  the  model  in  Figure  3-6,  as  well  as  for  the  IM  products  they  produce.  The 
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product  or  phase  demodulator  is  unique  In  that  it  has  a  precise  mathematical 
transfer  function.  The  output  baseband -amplitude  characteristic  of  the  product 
demodulator  is  represented  by  the  expression  VQ  =  c^  sin  (0r  +  e)  where 
e  is  the  tracking  error  in  the  phase-lock  loop  (this  loop  reconstructs  the  coherent 
carrier  reference).  The  coherent  product  demodulator  is  also  unique  because  it 
determines  an  optimum  schedule  of  subcarrier  deviations  which  minimizes  the 
total  received  power  required  (Volume  III,  Appendix  VI).  Deviations  so  deter¬ 
mined  are  not  small  in  terms  of  nonlinear  sine  functions,  ranging  up  to  1.84 
radians.  Therefore,  the  phase  demodulator  becomes  the  limiting  system  non¬ 
linearity. 

For  system  design  purposes,  apportionment  of  IM  objectives  begins  with  the 
mathematical  certainty  of  the  phase  demodulator.  Presumably,  all  other  con¬ 
tributors  can  be  made  linear  to  any  desired  degree  with  sufficient  design  effort. 

If  the  desired  IM  performance  cannot  be  achieved  with  the  best  equipment  design, 
or  if  the  phase-demodulator  IM  generation  is  excessive,  phase  deviations  of  one 
or  more  of  the  services  must  be  reduced  from  the  optimum;  random-noise  per¬ 
formance  of  the  affected  service(s)  will  be  thereby  compromised  to  some  degree. 
This  has  not  been  found  to  be  necessary  for  SGLS;  that  is,  the  optimum  phase 
deviations  dictated  by  random  noise  give  acceptable  IM -product  levels  as  well. 

Expressions  that  relate  other  distortion  coefficients  to  sine  nonlinearity  in  terms 
of  allocated  distortion  percentages  and  prescribed  phase  deviations  are  developed 
in  Volume  III,  Appendix  IV.  The  following  IM  categories  were  considered  in  the 
analysis: 

•  Second-order  baseband-amplitude  nonlinearity  at  the  modulator 

•  Third-order  baseband-amplitude  nonlinearity  at  the  modulator 

•  Sinusoidal  phase -detector  nonlinearity  with  carrier-tracking  loop- 
phase  error  (second  and  third  order) 
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•  Second-order  IF-  and  RF -phase  nonlinearity  (linear  envelope  delay) 

•  Third-order  IF-  and  RF -phase  nonlinearity  (parabolic  envelope  delay) 

Each  of  the  above  nonlinenritios  generates  a  different  typo  of  distortion.  Second- 
order  distortion  is  related  to  third-order  distortion  and  thus  to  phase-detector 
distortion.  The  distortion  percentage  allocated  to  each  IM  category  is  a  matter 
of  engineering  judgment.  For  instance,  because  frequency  multiplication  follows 
the  phase  modulator,  this  element  can  be  easily  operated  over  a  linear  range, 
and  therefore  can  be  allocated  a  smaller  portion  of  the  overall  distortion  budget. 

Distortion  objectives  for  the  downlink  are  given  in  Table  3-6.  A  more  detailed 
treatment  and  a  definition  of  the  distortion  parameters  is  given  in  Volume  in, 
Appendix  IV.  Linearity  specifications  in  Table  3-6  were  distortion  objectives, 
not  firm  requirements,  for  the  various  SGLS  equipment  items  during  the  system 
design  phase. 

Sine  Nonlinearity 


A  mathematical  study  of  IM  products  caused  by  the  phase  detector  (sine  non¬ 
linearity)  is  included  in  Volume  III,  Appendix  IV  of  this  report.  Amplitude  and 
frequency  of  each  product  are  precisely  determinable.  To  generate  useful  results, 
simplified  models  of  the  modulating  signals  are  used.  Basically,  the  approach 
used  in  the  study  represented  the  periodic  PRN  code  by  certain  of  its  Fourier 
components,  and  the  subcarrier  modulation  by  discrete  tones  or  subcarriers. 

Analysis  of  the  phase  detector  output  for  a  known  input  baseband  function  indicates 
that  the  original  baseband  frequencies  are  reproduced  with  a  Bessel  function 
weighting  of  their  amplitudes  and  a  large  number  of  IM-frequency  products.  To 
limit  the  number  of  IM  products  considered,  all  products  less  than  a  specified 
amplitude,  or  greater  than  a  given  order,  or  all  products  outside  a  specified 
frequency  band  can  be  rejected. 
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TABLE  3-6 

DOWNLINK  DISTORTION  OBJECTIVES 


Nonlinear 

Distortion 

Sources 

Percentage 
of  Total 
Distortion 

Ground  Station 
or 

Spacecraft  Equipment 

Percentage 
of  Total 
Distortion 

Linearity  Specification 

Second-order  basoband- 
amplltude  nonlinearity 

S 

Spacecraft:  Raseband  assembly 
equipment  and  phase  modulator 

3 

a2'/al^  888 

Ground  Station:  Baseband 
separation  equipment  and  phase 
demodulator 

2 

e  0. 05  rad 

phase  error  of  carrier 

reference 

Third-order  baseband- 
amplitude  nonlinearity 

50 

Spacecraft:  Baseband  assembly 
equipment  and  phase  modulator 

10 

a.j/aj3  -  0.0(1  rad'2 

Ground  Station;  Baseband 
separation  equipment  and  phase 
demodulator 

■40 

Fixed  constraint  of  phase- 
detector  sinusoidal  character¬ 
istic 

Second-order  phase 
nonlinearity  (linear 
envelope  delay) 

18 

Spacecraft:  Transmitter  IF  and 

RF  equipment 

fl 

tdl)  fiH  ns  over  5_MHz  BW 

Ground  Station:  Receiver  IF  and 
RF  equipment 

9 

t{PP>  88  ns  over  5-MHz  BW 

Third-order  phase 
nonlinearity  (parabolic 
envelope  delay) 

25 

Spacecraft:  Transmitter  IF  and 

RF  equipment 

12.5 

rjPP*  -  115  ns  over  5-MHz  BW 

Ground  Station:  Receiver  IF 
and  RF  equipment 

12.5 

TDL>  “■  118  ns  over  5-MHz  BW 

RF  echoes  (equivalent 
to  ripple  envelope  delay) 

2 

(Total  allowance  for  transmitter 
and  receiver) 

2 

Relative  voltage  amplitude  of 
single  echo:  Q 

_  r  ‘ 
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Prom  the  expansion  of  the  sine  function,  the  IM  effect  on  the  various  SGLS  multi¬ 
plex  services  can  be  assessed.  The  amplitude  and  frequency  of  IM  products  falling 
in  each  acceptance  band  can  be  calculated.  For  FM  and  PM  subcarriers,  a  general 
analysis  of  the  nature  of  the  Interference  that  appears  after  demodulation  is  given 
in  Volume  III,  Appendix  IV.  Since  the  ranging  phase  detector  or  balanced  demodu¬ 
lator  normally  employs  the  carrier  reference  phase -modulated  by  the  local  re- 
ceiver-PRN  code,  the  analysis  does  not  apply  to  this  detector.  However,  during 
the  first  step  in  the  acquisition  procedure  (acquiring  the  500-kHz  range  clock), 
the  local  code  is  set  to  zero  and  the  carrier  reference  is  unmodulated.  For  this 
special  condition,  the  sine  expansion  is  valid  when  searching  for  ranging-system 
IM  products  that  are  in  the  vicinity  of  the  clock  frequency. 

The  large  number  of  frequency  components  in  the  PRN  code  dictates  the  use  of  a 
digital  computer  for  the  calculation  of  IM  products.  The  PRN  short-  and  long- 
code  lengths  are  35,805  bits  and  2,728,341  bits,  respectively.  Expanding  each 
code  in  terms  of  the  500-kHz  clock  frequency  yields  the  lowest  frequency,  approxi¬ 
mately  14  Hz  for  the  short  code  and  approximately  0.  2  Hz  for  the  long  code.  If  all 
multiples  of  the  fundamental  frequency  are  considered  up  to  2  MHz,  and  if  a 
reasonable  number  of  baseband  carriers  and  subcarriers  are  considered,  then 
the  number  of  IM  products  generated  begins  to  exceed  the  capacity  of  even  a  large 
digital  computer.  With  these  considerations  in  mind,  the  Fourier  expansion  of 
the  short  code  for  the  computer  analysis  consists  of  multiples  of  the  X  component, 
the  B  component,  and  the  X  times  the  B  component;  and  the  Fourier  expansion 
of  the  long  code  consists  of  multiples  of  the  X  component,  the  A  component,  and 
the  X  times  the  A  component  (Table  3-7). 

Computer  Analysis 

The  computer  program  used  in  the  analysis  computed  the  IM  products  in  two  steps. 
First,  the  program  computed  the  frequency  and  amplitude,  starting  with  zero 
order  and  proceding  to  plus  and  minus  fifth  order,  of  all  IM  products  that  are 
above  a  specified  level  (-60  dB  with  respect  to  the  total  IF  signal  in  all  cases  run) 
and  that  are  contained  in  a  specified  frequency  interval  (0  to  2  MHz  in  all  cases 
run).  Second,  the  program  grouped  the  IM  products  by  frequencies  and  combined 
the  products  that  occur  at  the  same  frequency. 
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TABLE  3-7 

PRN  CODE  COMPONENTS 


Component 

Code 

Length 

(MS) 

Fundamental 

Frequency 

(kHz) 

Relative 

Power 

X 

Short  or  long 

11 

45.  5 

0. 0226 

a 

Short  or  long 

31 

16. 1 

0. 0020 

bs 

Short 

7 

71.  5 

0. 0090 

Long 

63 

7.9 

0.  0010 

cs 

Short 

15 

33.  3 

0. 0042 

Long 

127 

3.9 

0.0004 

x  .  a 

Short  or  long 

11-31 

14.  7 

0.0002 

x'  bs 

Short 

11-7 

6.  5 

0.0008 

x-  cs 

Short 

11-15 

3.0 

0.0004 

NOTES 

1,  Modulo  number 

Short  code  =  35, 805;  5000  nmi  range 

Long  code  =  2,  728,  341;  400,  000  nmi  range 


2. 


Transmitted  code 

cl  +  x-  £(a-b  +b-c  +  c-a)  ©clj  =  cl  ©x  •  (a-b  +  b>c  +  c  -a) 
Receiver  code  (tracking)  =  x  •  (a*b  +  b-c  +  c*a) 


3. 


Fundamental  frequency  (transmitted) 
where 

=  clock  frequency 


L 

comp 

500  kHz 


L 


comp 


=  length  of  component  in  bits 
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The  cases  calculated  are  given  in  Table  3-8,  Only  the  most  significant  computer 
runs  are  summarized  hero,  since  some  of  the  runs  yielded  very  similar  results. 

Case  4  has  a  128-kbps  PCM/PM  signal,  the  analog  FM  subcarrier,  and  the  FM/ 
FM  subcarrier  with  a  short  PRN-ranging  code  directly  modulating  the  PM  carrier. 

This  run  yielded  338  direct  and  IM  products  in  the  0-  to  2-MHz  band  and  above 
the  -60  dB  point  relative  to  the  total  IF  signal  power.  There  were  no  significant 


TABLE  3-8 

COMPUTER  INTERMODULATION  PROGRAM  CASES 


('ll  so 

Service 

SuheinTicr 

Frequency 

(Mil/.) 

Modulation 
Index  on 
Carrier 
(rad  peak) 

Modulating 

Frequency 

(kHz) 

Moduli, tlnn  Index 
for  Modulating 
Frequency 
(rad) 

No.  of  Direct 
and 

IM  Products 

PCM/PM 

1.024 

i.  ii 

1 

Voice/  I'M 

1. 2.1 

0,  505 

■102 

PUN 

0. 1 

0.  1 

- 

- 

PCM/PM 

I.  024 

0.71 

. 

Voice/PM 

1.21 

0.  100 

_ 

FM/FM 

1.70 

1.01 

- 

_ 

1 54 

PUN 

0.  5 

0.  1 

- 

- 

PCM/PM 

1.024 

0.71 

_ 

Voice/FM 

1.2.1 

o.  ion 

5 

1 .  55 

FM/FM 

1.70 

1.  55 

_ 

204 

PUN 

0.5 

0.  1 

- 

- 

PCM/PM 

1.024 

0.71 

04  (12s  kbps) 

1.  17 

Voice/FM 

1.  2.1 

o.  ion 

FM/FM 

1.70 

i.  ii 

_ 

558 

PRN 

0.  1 

0.  1 

- 

- 

PCM/PM 

1.024 

0.75 

. 

. 

Volce/FM 

1.21 

o.  ion 

1.  55 

FM/FM 

1.70 

1.11 

- 

_ 

204 

PRN 

0.5 

0. 1 

- 

- 

PCM/PM 

1.024 

0.  75 

. 

Voice/FM 

1,  21 

o.  ion 

20 

1.  53 

FM/FM 

1.  70 

1.55 

101  UHK!  11) 

0. 145 

PRN 

.  ..  .  _ 

0.5 

0. 1 

- 

- 

PCM/PM 

1.024 

0.  75 

Voico/FM 

1.25 

o.  ion 

- 

- 

7 

F  M/FM 

1.  70 

1. 15 

oi  uric;  f> 

0.  258 

242 

10.1  (IK1G  11) 

0.  345 

PRN 

0.5 

0.  1 

- 

PCM/PM 

1.024 

1.  55 

04  (128  kbps) 

1.  57 

8 

Volce/FM 

1.25 

0.  50 

5 

1 .  55 

mo 

PRN 

0.  5 

0.  1 

- 

- 

Uplink  Voice 

0.  050 

0.  1 

_ 

_ 

Command 

0.001 

0.  1 

_ 

_ 

PCM/ PM 

1.024 

1.  55 

04  (128  kbps) 

1.  57 

240 

PRN 

0.5 

0.1 
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IM  components  within  several  kilohertz  of  the  500-kHz  clock  frequency.  Two  IM 
products  within  -3  dB  of  the  clock  amplitude  were  15  kHz  below  the  clock  frequency 
and  10  kHz  above  the  clock  frequency. 

Case  6  has  the  PCM/PM  subcarrier,  the  analog  FM  subcarrier  modulated  with  a 
20-kHz  test  tone,  and  FM/FM  with  IRIG  channel  H  plus  the  PRN  short-ranging 
code.  This  run  yielded  262  direct  and  IM  products  in  the  2-MHz  band  and  above 
the  -60  dB  point  relative  to  the  total  IF  signal  power.  The  largest  component 
near  the  clock  is  13  kHz  from  the  clock  and  4  dB  down  from  the  clock  power  level. 

A  possible  problem  area  in  this  case  is  that  nine  IM  products  appear  in  the  FM/ 

FM  passband  with  a  total  power  -13  dB  below  the  total  sideband  power  of  the  FM/ 
FM  signal.  However,  eight  of  these  are  actually  four  pairs  of  amplitude -modulation 
products  that  are  removed  by  the  subcarrier  limiter.  The  net  predetection  signal- 
to-intermodulation  (S/l)  ratio  becomes  36  dB.  The  complete  printout  of  Case  6  is 
given  in  Volume  III,  Appendix  XIII. 

Case  8  is  similar  to  Case  6  except  that  the  FM/FM  is  dropped  from  the  baseband. 
This  caso  has  a  PCM/PM  signal  modulated  at  128  kbps,  an  analog  FM  signal 
modulated  by  a  3-kHz  test  tone,  and  the  PRN  code.  Case  8  yielded  a  suprising 
610  IM  products.  The  reason  the  two  subcarriers  and  PRN  code  yielded  more 
than  double  the  number  of  IM  products  produced  in  Case  6  is  that  the  carrier  de¬ 
viation  of  the  two  subcarriers  has  been  increased  such  that  the  relative  amplitude 
of  more  IM  products  is  above  the  -60  dB  threshold.  Also,  the  fact  that  these  two 
subcarriers  are  only  226  kHz  apart  allows  more  of  the  IM  products  to  fall  within 
the  2-MHz  baseband.  A  larger  number  of  IM  products  need  not  be  detrimental 
provided  no  large  components  fall  near  the  PRN -clock  frequency  or  near  sub¬ 
carrier  frequencies.  The  closest  large  IM  product  to  the  PRN -clock  frequency 
is  39  kHz  away  and  is  4  dB  down  from  the  clock  power  level.  The  complete  com¬ 
puter  printout  is  given  in  Volume  III,  Appendix  XIII. 

Case  9  considers  the  problem  of  the  uplink  command  frequencies  that  interfere 
with  the  128-kbps  PCM/PM  signal.  The  difference  between  the  30-kHz  and 
95-kHz  command  frequencies  is  65  kHz,  and  the  combination  of  30  kHz  and  95  kHz 
and  PCM/PM  carrier  at  1. 024  MHz  produces  IM  products  at  65  kHz  above  and  below 
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the  PCM/PM  carrier.  When  the  PCM  128-kbps  signal  is  a  square  wave,  that  is, 
a  successive  one-zero  pattern,  then  the  first  sidebands  of  the  PCM/PM  signal  are 
64  kHz  above  and  below  the  PCM/PM  carrier.  Thus,  it  is  possible  that  some  IM 
product  of  a  multiple  of  the  command  frequencies  and  the  PCM/PM  carrier  may 
produce  a  harmful  product  that  would  degrade  the  PCM-bit  error  probability. 

Turned-around  comm  and -frequency  deviations  for  this  case  are  0.1  radian  for  a 
one-to-one  turnaround  of  the  uplink.  The  deviations  of  the  PCM/PM  subcarrier 
and  PRN  short  code  are  1.55  radians  and  0.1  radian,  x'espeetively.  Although  IM 
products  generated  by  the  analog  FM  were  not  computed,  power  taken  by  this  sub¬ 
carrier  was  compensated  for  by  multiplying  all  direct  and  IM  products  by  a  pro¬ 
gram  constant  (0.56),  where  the  analog  FM  deviation  is  0,56  radian.  The  run 
yielded  240  IM  products  none  of  which  were  within  several  kilohertz  of  the  range - 
clock  frequency.  Also,  above  the  -60  db  threshold  level  no  IM  products  were 
found  at  multiples  of  the  65-kHz  uplink  subcarrier  difference  frequency  above  and 
below  the  PCM/PM  subcarrier  frequency. 

Worst-case  ratios  of  S/I  products  are  summarized  in  Table  3-9.  The  worst-case 

IM  level  was  found  by  computing  the  mean-square  subcarrier  S/I  ratio  in  the 

predetection  bandwidth  for  all  of  the  computer  runs.  Although  the  24-dB  ratio  for 

the  PCM/PM  may  appear  inadequate,  an  S/I  ratio  of  at  least  23  dB  will  not  signi- 

“6 

ficantly  impair  bit  error  probabilities  up  to  10  (see  Volume  III,  Appendix  VIII). 


TABLE  3-9 

SIGNAL-TO-INT ERF ERENCE  (INTERMODULATION) 
RATIO  FOR  VARIOUS  SERVICES 


Service 

Predetection 

Bandwidth 

(kHz) 

Computer 

Case 

S/I  Ratio 
(dB) 

PCM/PM  (128  kbps) 

256 

8 

24 

FM/FM 

550 

6 

36.4 

FM  Analog  (3  kHz) 

25 

- 

No  IM  products  found 
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In  addition  to  the  predeteotion  S/I  ratio,  one  particular  postdetection  subcarrier 
S/I  ratio  was  computed.  The  IM  product  for  this  analysis  is  from  Case  6  and 
falls  in  the  FM/FM  predetection  bandwidth.  This  is  the  only  large  IM  product 
that  is  not  eliminated  by  limiting  or  predetection  filtering.  The  IM  component  is 
200  kHz  away  from  the  carrier.  The  FM/FM  signal  was  assumed  to  be  modulated 
with  a  165-kHz  subcarrier  (IRTG  Channel  21  or  H).  The  resulting  S/I  ratio  after 
the  frequency  demodulator  is  28. 1  dB.  This  S/I  ratio  is  entirely  adequate  since 
the  subcarrier  discriminator  signal -to-noise  threshold  is  10  dB. 

3.  2. 2  Phase  Nonlinearities  and  Amplitude  Ripple 

Tandem-component,  characteristics  in  the  sum  channel  of  the  SGLS  receiving  sub¬ 
system  directly  limit  the  quality  of  the  output  signal.  In  particular,  phase- 
response  nonlinearity  and  amplitude -response  variations  in  these  components 
could  distort  the  angle-modulated  signal  beyond  acceptable  limits. 

To  assess  the  severity  of  the  problem,  the  nominal  configuration,  in  terms  of 
signal  distortion  attributable  to  predetection  components  was  analyzed.  Since 
Carrier  3  bandwidth  requirements  are  much  greater  than  those  for  Carrier  1  and 
Carrier  2,  Carrier  3  signals  should  be  subject  to  greater  distortion  than  the  sig¬ 
nals  for  the  other  two  carriers.  Hence,  Carrier  3  in  its  wideband  mode  of  opera¬ 
tion  (35-MHz  IF  bandwidth)  was  selected  for  this  analysis  (see  Appendix  B  in  this 
volume).  A  2-MHz  sine-wave  input  with  frequency  modulation,  simulating  FM/ 
FM  wideband  operation,  was  assumed.  To  more  closely  simulate  physical  con¬ 
ditions,  measurements  of  the  phase  and  amplitude  characteristics  for  contributing 
tandem  components  were  used. 

Results  indicate  that  Carrier  3  power  distortion  should  be  much  less  than  one 
percent  at  the  input  to  the  wideband  discriminator  for  wideband-FM/FM  operation 
with  a  2-MHz  sine-wave  signal  when  a  modulation  index  (m)  of  5  is  used.  (This 
value  for  m  was  selected  because  the  RF  spectrum  embraces  the  IF  bandwidth, 
and  there  is  a  rapid  decrease  in  the  amplitude  of  terms  outside  this  bandwidth.) 
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The  overall  distortion  which  may  be  experienced  by  Carrier  3  data  is  more  signifi¬ 
cantly  affected  by  the  demodulation  process.  It  is  expected  that  the  demodulator 
will  not  contribute  enough  distortion  to  cause  the  overall  Carrier  3  power  distortion 
to  exceed  3%.  Carrier  1  will  be  similarly  affected  by  subsequent  demodulation. 

The  harmonic  distortion  expected,  when  considering  the  overall  data  processing 
cycle,  is  not  expected  to  exceed  5%. 

Critoria  for  determining  tolerable  interference  levels  (e.g. ,  postdetection  signal  - 
to-interference  (S/I)  ratio,  bit-error  probability,  ranging  error,  and  percent 
error  in  data)  are  measured  against  performance  standards  established  by  the 
ultimate  user.  For  services  such  as  PCM  data  and  PRN  ranging,  these  standards 
are  objectively  measurable.  For  voice,  however,  interference  effects  are  sub¬ 
jectively  determined  by  the  individual  user,  and  standards  must  be  set  by  averaging 
over  a  large  number  of  users.  For  both  objective  and  subjective  standards,  re¬ 
quirements  depend  to  some  degree  on  the  nature  of  the  interference.  For  example, 
a  1000 -Hz  interfering  tone  is  judged  by  some  listeners  to  be  more  objectionable 
than  an  equal  power  band  of  white  noise.  Similar  differences  in  interference 
tolerance  exist  in  the  data  services. 

3.  2. 3  Spurious  Interference 


Interference  occurs  when  spurious  spectral  components  fall  within  the  acceptance 
band  of  one  of  the  SGLS  services.  The  spurious  components  may  be  caused  by 
direct  spectral  overlap  of  an  interfering  service,  or  by  IM  products  generated 
by  two  or  more  services  interacting  in  a  nonlinear  system  element. 

Adjacent -channel  interference  occurs  when  the  desired  carrier  and  a  reduced- 
level  second  carrier  are  applied  to  the  phase  detector.  The  form  of  interference 
appearing  at  the  baseband  depends  on  whether  the  channel  is,  or  is  not,  linear 
(Volume  III,  Appendix  IV).  In  either  case,  the  interference  spectrum  is  centered 
at  the  baseband  frequency  corresponding  to  the  carrier  separation  (5  MHz  for 
basic  SGLS).  For  a  limiting  receiver,  the  interference  spectrum  is  the  convolution 
of  the  complex -envelope  spectra  of  the  two  carriers.  For  the  linear  SGLS  ground 
receiver  using  coherent  AGC,  the  interference  is  the  translated  spectrum  of  the 
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interfacing  carrier.  Because  spectrum  spreading  is  inherent  in  the  convolution 
process,  interference  is  minimized  by  using  coherent  AGC,  rather  than  limiting, 
in  the  ground  receiver. 

Although  the  ground  receiver  is  linear,  for  some  missions  a  saturating  traveling- 
wave-tube  (TWT)  amplifier  may  be  used  as  the  vehicle  transmitter  output  device. 
Under  these  conditions,  the  adjacent  channel  interference  may  take  the  form  of 
the  convolution  spectrum.  Furthermore,  the  TWT,  while  amplifying  two  carriers 
simultaneously,  is  the  source  of  direct  adjacent-channel  interference,  in  which 
the  baseband  of  one  carrier  is  transferred  directly  to  the  other  carrier.  This 
phenomenon  occurs  when  the  signal  frequency  deviations  are  converted  to  ampli¬ 
tude  modulation  (AM)  on  passing  through  circuits  with  non-constant -gain  frequency 
characteristics.  This  AM  is  subsequently  converted  to  phase  modulation  in  the 
TWT. 

Intercarrier  Interference 


Interference  between  Carriers  1  and  2  is  caused  by  overlap  between  the  individual 
spectra.  No  filtering  is  supplied  in  the  vehicle  because  of  the  close  proximity 
(in  terms  of  percentage  bandwidth)  of  the  2--GHz  carriers.  Since  the  receiver  is 
linear  (employing  coherent  AGC  rather  than  limiting)  and  each  carrier  is  coherently 
detected,  the  unfiltered  baseband-interference  spectrum  would  be  a  replica  of  the 
RF  spectrum  translated  to  baseband.  Because  of  the  .predetection  IF  filters,  how¬ 
ever,  the  baseband  interference  spectrum  is  altered  substantially  from  the  RF 
spectrum.  In  particular,  interfering  higher-order  sidebands  that  fall  within  the 
width  of  the  baseband  cannot  be  eliminated  from  the  desired  carrier.  That  is,  if 
the  desired  sidebands  are  passed,  then  so  also  are  the  interfering  sidebands  that 
occupy  the  same  frequency  band. 

The  following  observations  are  taken  from  the  quantitative  analysis  of  inter¬ 
carrier  interference  presented  in  Appendix  VIII  of  Volume  III:  At  1  Mbps,  the 
fourth-order  through  seventh-order  sidebands  of  Carrier  2  fall  in  the  0-  to 
2-MHz  baseband  of  Carrier  1.  The  peak  interference  arises  from  the  fourth- 
order  sideband  and  occurs  at  1.4  MHz  in  the  baseband  of  Carrier  1.  In 
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terms  of  predetection  S/I  density  ratio,  therefore,  carrier  2  interference  with  the 
analog  FM  subcarrier  constitutes  the  worst-case  interference  in  Carrier  1. 

Because  of  the  modest  FM  advantage  for  this  subcarrier  (deviation  ratio  of  1  to  1.5), 
the  postdetection  S/I  ratio  is  also  worst  for  this  service.  For  "square”  PCM-bit 
waveforms,  the  predetection  S/l  ratio  for  the  3 -kHz  voice  channel  is  19  dB.  This 
is  9  dB  greater  than  the  10-dB  SNR  at  threshold.  Therefore,  it  is  concluded  that 
the  higher-order  sidebands  of  the  1-Mbps  PCM  data  produce  interference  at  a 
tolerable  level. 

Carrier  1  interference  with  Carrier  2  arises  principally  from  second-  and  third- 
order  sidebands  of  the  relatively  high-level  PAM/FM  or  FM/FM  service.  Third- 
order  interference  is  centered  100  kHz  from  the  Carrier  2  frequency;  that  is: 

(3  x  1.7)  -  5.0  =  0.1  MHz.  Therefore,  with  a  nominal  bandwidth  of  ±250  kHz, 
substantially  all  of  this  sideband  falls  in  the  high-rate-PCM  acceptance  band. 

The  predetection  S/l  ratio  is  calculated  at  17.8  dB  for  a  maximum  FM/FM  or 
PAM/FM  deviation  of  1.  84  radians  and  equal  level  carriers  (Pj^  =  P2).  The 
second-order  interference  appears  at  1.  6  MHz  relative  to  the  Carrier  2  frequency, 
and  is  filtered  by  the  PCM  matched  filter: 


%  -  4 

S  0.124  (£•) 

=  5.6  x  10“3  P 


or  P/PT  =  P,/PT  =  22.6  dB.  Thus,  the  total  PCM  S/l  ratio  is  16. 6  dB.  The 

S  In  *2 

thresholaSNR  at  decision  time  (after  matched  filtering  in  a  bandwidth  equal  to  half 

_3 

the  bit  rate)  for  the  PCM  data  is  11.6  dB  at  a  10  bit-error  probability.  There¬ 
fore,  in  the  worst  case,  the  Carrier  1  interference  is  only  5  dB  below  the  random 
noise.  The  exact  effect  of  the  interference  on  the  bit -error  rate  at  threshold  de¬ 
pends  on  the  nature  of  the  interference.  Some  of  the  effects  of  discrete  tones  are 
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examined  In  Appendix  VIII  of  Volume  III.  If  the  interference  approaches  random 
noise,  then  a  total  interference  of  5  dB  below  the  noise  would  increase  the  PCM 
threshold  by  about  i  dE. 

PCM  and  Analog  FM  Subcarriers 


The  interference  under  consideration  is  between  the  PCM  data  centered  at  1.  024 
MHz  and  the  analog  FM  subcarrier  at  1.25  MHz  using  PCM/PM  (PSK)  modulation. 
The  worst  case  is  for  the  highest  data  rate  (128  kbps).  Also  the  analog  FM  sub¬ 
carrier  is  assumed  to  carry  the  20-kHz  analog  information. 


The  cases  of  both  random  and  periodic  PSK  interference  with  the  analog  channel 
are  considered  in  Appendix  VIII  of  Volume  III.  For  equal-level  subcarriers,  the 
basic  S/I  ratio  for  PCM  modulation  is  about  12  dB.  For  simultaneous  thresholding, 
the  subcarriers  are  equal  in  power.  To  this  S/I  ratio  must  be  added  the  rejection 
characteristics  of  the  subcarrier  filter  in  the  vehicle  baseband  assembly  unit. 

With  30  dB  rejection,  the  total  predetection  S/I  ratio  is  better  than  40  dB.  This 
is  more  than  adequate  to  make  the  interference  tolerable. 

For  the  reverse  case  of  analog  FM  interference  with  the  PCM/PM,  the  1.  25-MHz 
subcarrier  is  assumed  to  have  a  peak  deviation  of  30  kHz  with  a  20-kHz  sine  wave. 
Basic  interference  in  the  PCM  band  is  down  about  40  dB  from  the  signal.  Add  to 
this  the  baseband  assembly  filter  rejection,  and  the  total  S/I  ratio  becomes  70  dB. 
The  analysis  (Volume  III,  Appendix  VIII)  indicates  that  single -frequency  inter¬ 
ference  in  the  PCM  demodulator  will  be  quite  acceptable  if  it  is  only  20  dB  below 
the  signal  power. 

To  examine  the  effect  that  interference  from  PCM/PM  data  (on  the  1.7-MHz 
services)  may  have  on  data  quality  of  the  1. 024-MHz  and  1.  25-MHz  services, 
worst -case  conditions  are  selected  as  follows:  data  rates  of  256  kbps  on  the 
1.7-MHz  subcarrier  and  64  kbps  on  the  1. 024-MHz  subcarrier,  and  an  analog 
signal  of  20  kHz  with  a  peak  deviation  of  ±30  kHz  on  the  1. 25-MHz  subcarrier. 
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Results  of  the  analysis,*  summar¬ 
ized  in  Table  3-10,  indicate  that  the 
presence  of  PCM /PM  data  on  the 
1.7-MHz  subcarrier  gives  rise  to 
conservative  S/I  ratios  of  41.  2  dB  in 
the  300-kHz  predetection  bandwidth 
on  the  1.024-MHz  subcarrier  and 
29.  5  dB  in  the  150-kHz  predetection 
bandwidth  on  the  1.  25-MHz  sub¬ 
carrier;  these  S/I  values  are  based 


TABLE  3-10 

SIGNAL -TO-INTERFE  HENCE  CALCULATIONS 
AT  OPTIMUM  MODULATION  INDICES 


Parameter 

Subcftrrter  Service 

1.024  MHz 

1, 23  MHz 

Preelection  Bandwidth  (kHz) 

300.  0 

150.0 

Bit  Rate  for  1.  7  MHz  (bps) 

236.0 

256.0 

Signal  to  Interference  (dB) 

41.2 

29.6 

Rejection  of  1.  7  MHz  (dB) 

32.  0 

18.0 

on  system  operation  at  optimum 

modulation  indices  for  each  service.  Also,  the  rejection  of  the  1.7-MHz  sub¬ 
carrier  by  the  post -modulator  filter  is  32  dB  at  1.  024  MHz  and  18  dB  at  1.25 
MHz.  While  maintaining  threshold  levels  for  each  of  the  services  and  optimizing 
the  modulation  indices,  the  quality  of  the  data  was  not  degraded  on  the  1.  024- 
MHz  and  1.  25-MHz  services  in  the  presence  of  PCM/PM  data  on  the  1.7-MHz 
subcarrier. 


*SGLS  Test  Transponder  1.7-MHz 'Post -Modulator  Filter  Analysis,  Philco-Ford 
WDL-TR3359,  Revision  1,  14  June  1968. 
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3 . 3  DOWNLINK  PERFORMANCE 

This  section  presents  the  downlink  performance  in  terms  of  the  power  required 
to  operate  each  service  at  threshold.  Ground  station  parameters  of  interest 
are  system  noise  temperature,  dynamic  range,  and  the  signal  thresholds  for 
the  various  services.  In  addition  to  these  parameters,  information  is  provided 
that  will  assist  the  SGLS  user  in  optimizing  performance  for  specific  missions. 

A  procedure  is  also  outlined  for  determining  performance,  and  an  example  is 
provided  for  a  typical  downlink  configuration 

3.3.1  System  Noise  Temperature 

System  noise  temperature  has  been  calculated  for  the  SGLS  equipment  items 
operating  in  conjunction  with  typical  high-  and  low-gain  antenna  configurations 
at  the  RTS.  Variations  can  be  expected  due  to  minor  differences  in  antenna 
configurations  at  some  sites.  These  variations  are  not,  however,  considered 
significant. 

Table  3-11  summarizes  the  system  noise  temperatures  (T  )  for  the  two  antennas. 
Note  that  these  temperatures  are  referenced  to  the  input  of  the  parametric  ampli¬ 
fier.  Typical  equipment  configurations  and  the  associated  models  used  in  the 
analysis  are  presented  in  the  following  paragraphs. 


TABLE  3-11 

SYSTEM  NOISE  TEMPERATURES 


Antenna 

Noise  Temperature* 

Configuration 

TS 

High  Gain 

Sum 

336®  K 

Difference 

900e  K 

Low  Gain 

290°  K 

♦Referenced  to  parametric  amplifier  input 
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Equipment  Configurations 

The  RF  configurations  for  the  high-gain  and  low-gain  SGLS  are  shown  in  Figures  3-7 
and  3-0.  These  were  developed  from  the  best  data  available.  The  RF  configuration 
drawings  identify  the  parameters  of  concern.  These  and  other  parameters  are 
summarized  in  Tables  3-12  and  3-13  as  a  convenient  reference  for  the  noise  tem¬ 
perature  models  and  equations  discussed  below. 

Noise  Temperature  Models 


Noise  temperature  models  for  the  high-  and  low-gain  configurations  are  shown  in 
Figures  3-9  and  3-10,  respectively.  The  model  consists  of  three  elements;  an¬ 
tenna  temperature,  transmission  line,  and  the  receiver.  The  latter  includes  the 
parametric  amplifier,  GRARE,  and  interconnecting  components,  the  system  noise 
temperature  for  this  model  is  given  by 

TS  ^a^l-^o^lTr  <x> 


where 

Tg  =  system  noise  temperature  referenced  to  the  antenna  aperture 
Ta  =  antenna  noise  temperature 

Ll  =  total  loss  contributed  by  all  RF  and  transmission  line  components 
from  the  antenna  to  the  input  to  the  parametric  amplifier. 

Tq  =  standard  temperature  (290° K) 

Tr  =  noise  temperature  of  the  receiver 


For  the  sum  channel  of  the  high-gain  configuration,  we  have 


(l2  "  1)  T0  TpdL2  ,  (L3  ‘  L2T0  +  TGRL3L2 


gpgpd 


gpgpd 


(2) 
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Figure  3-7  SGLS  High-Gain  RF  Conf 
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Figure  3—8  SGLS  Low-Gain  RF  Coni 
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Non-SGLS 
Dato  Channel 


Figure  3—9  SGLS  High-Gain  Noise  Temperature  Model 


System  Nolle  Temperature  Receiver  Nolle 

Referenced  to  Antenna  Aperture  Temperature 


Figure  3—10  SGLS  Low-Gain  Noise  Temperature  Model 
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where 


L 


3 


T 

G 


GR 

PD 


noise  temperature  of  the  sum 
ohannel  of  the  parametric 
amplifier 

gain  of  the  parametrio  amplifier 

loss  between  the  output  of  the 
parametrio  amplifier  and  the 
power  divider 

noise  temperature  of  the  power 
divider  =  (LpD  -  1)  TQ,  where 
LpD  -  the  loss  in  the  power 
divider  (3  dB) 

loss  between  the  output  of  the 
power  divider  and  the  input  to 
the  GRARE 

noise  temperature  of  the  GRARE 
gain  of  the  power  divider 


TABLE 

3-12 

SOLS  HIGH-GAIN  TEMPERATURE 
CHARACTERISTICS* 

Punimt'li'r 

Vnlui- 

ta 

M7*  K 

To 

ubii’k 

I.5U 

Tp  (Mum) 

10!)'K 

(lp  (Hum) 

UH2** 

Tp  (Dim 

imi'K 

<ip  (»im 

10 

r,>n 

200*  K 

°IM) 

0.  2fi 

'(lit 

•III  10*  K 

l.  r»i 

4 

1.07 

l  ,:u 

•Includes  specified  minimum  gains,  maximum 
Insertion  losses  and  nolle  temperatures.  Coaxial 
cable  and  waveguide  loitei  evaluated  at  2.25  GHz. 
Antenna  at  5  degreat  elevation. 

•  *  Includes  1.5-dB  anticipated  field  degradation. 


Substituting  the  values  from  Table  3-12  into  Equations  (1)  and  (2)  gives  a  system 

noise  temperature  in  the  sum  channel  (T  )  of  504®  K  referenced  to  the  antenna 

s 

aperature.  Dividing  this  result  by  LL  yields  T  =  336®  K  referenced  to  the  input 
to  the  parametric  amplifier. 


For  the  difference  channel  of  the  high-gain  configuration,  we  have 


^R  (Difference)  +  G 


<L1  -  DT0 


tgrli 


P  (Difference)  GP  (Difference) 


(3) 


where  TP(Difference) 
parametric  amplifier. 


is  the  noise  temperature  of  the  difference  channel  of  the 
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Substituting  the  values  from  Table  3-13  into 

Equations  (1)  and  (3)  gives  a  system  noise 

temperature  iu  the  difference  channel  (T)  of 

s 

1350*  K  referred  to  the  antenna  aperature. 
Dividing  this  result  by  LL  yields  Ts  *  900*  K 
referred  to  the  input  of  the  parametric  ampli¬ 
fier. 

For  the  low-gain  configuration  (Figure  3-10)  the 
noise  temperature  of  the  receiver,  ,  is 
given  by 


TABLE  3-13 

SOLS  LOW-GAIN  NOISE  TEMPERATURE 
CHARACTERISTICS* 


l’arumotur 

Value 

,JA 

118*  K 

T0 

111)0*  K 

4. 

1.07 

Tp 

108*  K 

gp 

282*'* 

rUK 

■iaio*K 

4 

l.i 

tgrli 


*  Include*  specified  minimum  gains,  maximum 
insertion  losses  and  noise  temperatures. 
Coaxial  cable  and  waveguide  losses  evaluated 
ut  2.2.1  GHz  with  the  antenna  at  5*  elevation. 

**  Includes  L.  1  dll  anticipated  field  degradation. 


Substituting  the  values  from  Table 

3-13  into  Equations  (1)  and  (4)  gives 

a  system  noise  temperature  (TJ 

s 

of  397 °K  referenced  to  antenna 
aperture.  Dividing  this  result  by 
Ll  yields  Tg  =  290°K  referenced 
to  the  input  of  the  parametric 
amplifier. 

In  the  computations  above,  the 
effects  of  mismatch  losses  are 
relatively  minor  and  vary  as  a 
function  of  frequency.  For  this 
reason,  their  contribution  to  sys¬ 
tem  noise  temperature  has  not 
been  included.  Further,  for  the 
high-gain  configuration,  antenna 
temperature  (T^)  was  obtained 


0.1  1 

Frequency  (GHi ) 

Figure  3—11  Noise  Temperature  of  a  Typical  Directional  Antenna 
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from  the  typical  antenna  temperature  curves  of  Figure  3-11.  The  low-gain  antenna 
temperature  was  obtained  from  measured  data. 


3.3.2 


System  dynamic  range  is  that  range  of  signal  power  from  threshold  signal  level 
(referred  to  the  parametric  amplifier  input)  to  a  maximum  level  that  results  in 
no  more  than  1-dB  compression  in  any  RF/IF  amplifier  stage.  From  this  defini¬ 
tion,  we  see  that  a  specific  dynamic  range  exists  for  each  tracking  or  data  demodu¬ 
lation  bandwidth  considered.  Figures  3-12  and  3-13  show  system  dynamic  l’ange 
associated  with  phase-lock  tracking  in  the  1-kHz  bandwidth.  System  noise  power 
(dBm/Hz)  and  threshold  carrier  power  for  the  1-kHz  phase-lock  tracking  bandwidth 
have  been  plotted,  along  with  the  maximum  input  (saturation)  level  to  the  GRARE 
down-converter. 

Received  Power  (dBm) 


LEGEND 

O  threshold  levels 

V  1-dB  compression  levels 

— ■  —  sum  channel  (1-kHz  tracking  bandwidth), 

- difference  channel 

KTf  boltzmenn's  oonttant 

1_l  total  loss  contributed  by  all  R  F  and  transmission  line 

components  from  antenna  to  input  of  parametric  amplifier 

L1  loss  between  output  of  parametric  amplifier  end  input  to  GRARE 

Figure  3-12  SGLS  High-Gain  Dynamic  Range 
3-40 


I  'HILCO  f  ORCJ  CXJMPCJHATiaN 


WDL  Division 


WDL-TR3227-1 
Volume  I,  Part  1 


-MO  -180 

I  i 


Received  Rower  (dBm) 

-160  -140  -IM  -100  -80  -60  -40 

— f - 1 - 1 ■  ■  t  t - 1  —  -4 


LEGEND 

O  threthokJ  leveii  (1kHz  tracking  bandwidth) 

V  1-dB  compreaion  (avail 
KT,  boitzmann'i  oonatant 

LL  total  Iota  contributed  by  all  RF  and  bammiaion  line 

ootnponana  from  antanna  to  input  of  parametric  amplifier 

L-,  kaa  batwaan  output  of  par ama trie  amplifiar  and  input  to  GRARE 


Figure  3—13  SGLS  Low-Gain  Dynamic  Range 
The  dynamic  range  (D)  is  given  by 

D  =  Ps -  PT 

where  Pg  is  saturation  power  and  PT  is  threshold  power  and  where  all  signal  levels 
are  referred  to  the  parametric  amplifier  input.  For  the  example  shown  in  Figure 
3-12,  dynamic  range  is 

D  =  -65.  5  -  (-137.3) 

=  71.  8  dB 

The  dynamic  ranges  for  other  GRARE  tracking  and  data  demodulation  bandwidths 
may  be  determined  in  a  similar  manner.  (For  the  example  shown  above,  a  336°K 
system  noise  temperature,  an  SNR  of  +6  dB,  and  a  -47  dBm  maximum  allowable 
input  are  assumed. ) 
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3,3.3  Carrier  1  Thresholds 

The  downlink  Carrier  1  signal  uses  frequency  division  multiplex  (FDM)  to  enable 
simultaneous  transmission  of  multiple  services.  The  FDM  is  generated  in  the 
vehicle  by  phase  modulating  the  carrier  with  a  baseband  mix  of  subcarriers,  each 
individual  premodulation  subcarrier  level  being  chosen  to  yield  a  specific  carrier 
modulation  index.  The  carrier  modulation  is  essentially  narrowband  PM,  so  that, 
in  the  RF  spectrum,  the  subcarriers  appear  as  first-order  sidebands,  higher  order 
sidebands  being  of  negligible  power  level.  The  division  of  total  signal  power 
between  the  various  subcarriers  and  the  residual  carrier  is  a  function  of  the  pre¬ 
modulation  subcarrier  levels  and  is  discussed  further  in  succeeding  paragraphs. 
This  modulation  scheme  permits  the  use  of  a  narrowband  carrier-tracking  phase- 
locked  loop  to  coherently  demodulate  the  downlink  carrier,  the  resulting  spectrum 
appearing  simply  as  a  linear  translation  of  the  RF  spectrum  dowm  to  baseband. 
Extraction  of  data  from  the  subcarriers  is  performed  in  separate  subcarrier 
demodulators. 

Under  this  modulation  scheme,  the  retrieval  of  data  from  any  subcarrier  involves 
a  dual  demodulation  process,  and  accordingly,  at  low  SNR's  two  sources  of  signal 
quality  degradation  are  evident  because  of  the  imperfections  in  the  operation  of  the 
two  demodulators.  This  consideration  is  in  addition  to  the  concept  of  threshold 
itself,  and  the  degradation  will  make  itself  felt  as  an  effective  increase  in  the 
required  signal  power  in  the  receiving  equipment  to  achieve  the  data  quality 
(SNR  or  bit  error  rate)  theoretically  available  at  threshold.  The  system  per¬ 
formance  computations  incorporate  empirical  degradation  figures  attributable  to 
these  effects.  For  PCM,  a  further  process  is  required  after  the  dual  demodulation 
to  regenerate  the  digital  data  appearing  at  the  noisy  subcarrier  demodulator  output. 
The  process  uses  an  integrate  and  dump-matched  filter  and  involves  phase-lock 
acquisition  of  the  noisy  demodulated  bit  stream.  This  takes  place  in  a  bit  syn¬ 
chronizer  and  accounts  for  the  third  source  of  performance,  degradation  appearing 
in  the  PCM  performance  tables. 
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Threshold  in  an  analog  subcarrier  modulation  system  is  usually  defined  as  the 
system  subcarrier-to-noise  ratio  (S/N)  at  which  the  quality  of  the  demodulated 
output  begins  to  deteriorate  at  a  disproportionate  rate  with  further  reductions  in 
S/N.  Efficient  design  of  such  a  system  requires  that  the  system  parameters 
(IF  and  baseband  output  bandwidths  in  FM,  for  instance)  be  chosen  in  such  a 
way  that  the  desired  data  quality  is  available  at  threshold  but  fails  just  below 
threshold.  As  a  result,  the  threshold  subcarrier-to-noise  ratio  is  the  important 
parameter  in  defining  the  downlink  signal  power  requirements. 

In  the  case  of  SGLS  PCM  services,  which  use  biphase  PSK  modulation  of  the  sub¬ 
carrier,  the  threshold  definition  differs  somewhat  in  that  the  coherent  demodula¬ 
tion  process  used  exhibits  no  readily  definable  threshold,  and  the  important 
parameter  in  this  case  is  the  SNR  theoretically  required  in  a  measurement  band¬ 
width  that  is  equal  to  the  bit  rate  so  as  to  yield  a  bit  error  probability  of  one  in 


In  Tables  3-14  through  3-19  the  subcarrier  power  required  to  provide  the  various 
services  under  threshold  conditions  is  computed.  Performance  degradations  are 
included  in  the  calculation  to  provide  a  realistic  estimate  of  subcarrier  power. 

Since  subcarrier  power  and  noise  density  involve  absolute  power  levels  rather 
than  ratios,  a  point  must  be  defined  in  the  RF  receiving  system  (somewhere 
between  the  antenna  aperture  and  the  subcarrier  demodulator)  at  which  the 
quoted  power  levels  are  to  be  obtained.  The  input  to  the  parametric  amplifier  is 
taken  as  standard  for  this  report  for  compatibility  with  system  test  procedures. 
All  absolute  signal  power  levels  and  all  RF  gain  and  loss  factors,  such  as  antenna 
gain  and  system  noise  temperature,  are  referred  to  this  point.  Subcarrier  power 
levels  are  not  directly  measurable  at  this  point  but  may  be  accurately  inferred 
from  measurements  of  the  total  signal  power  by  applying  the  power  division 
factor  discussed  in  the  succeeding  paragraph. 
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Carrier  1  Performance  Optimization 


In  a  multiservice  system,  the  transmitted  downlink  signal  power  must  be  divided 
among  the  various  subcarrier  services,  preferably  in  an  optimum  fashion.  This 
may  be  accomplished  by  setting  the  carrier  phase  deviation  due  to  each  subcarrier 
according  to  the  principles  outlined  in  Volume  III,  Appendix  VI.  The  object  of 
this  optimization  is  to  minimize  the  total  signal  power  that  must  be  transmitted, 
to  give  specific  subcarrier  power  levels.  The  actual  subcarrier  power  required 
is  a  function  of  the  modulation  scheme  employed  and  the  bandwidth  or  bit  rate  of 
the  transmitted  data.  The  analysis  below  determines  the  power  levels  required 
at  the  threshold  in  the  various  subcarrier  modes.  These  results  may  be  used  as 
inputs  to  the  optimization  procedure  in  the  referenced  appendix  to  obtain  the  re¬ 
quired  modulation  indices.  The  procedure,  as  given  in  Volume  HI,  Appendix  VI, 
is  predicated  on  the  typical  requirements  that  all  subcarrier  services  reach 
threshold  at  the  same  RF  power  level.  Variations  from  this  situation  are  accom¬ 
modated  by  adding  the  appropriate  power  margin  to  each  threshold  subcarrier 
power  before  application  of  the  optimization  procedure. 

There  are  many  possible  choices  of  subcarrier  power  division  due  to  the  highly 
diverse  choice  of  operating  capabilities  offered  by  the  SGLS  Carrier  1: 

•  Choice  of  number  of  subcarrier  services.  Carrier  1  may  be  modulated 
by  any  number  or  combination  of  the  available  subcarriers  from  one  to 
four. 

•  Choice  of  data  rates.  Bit  rates  for  the  1.024-  and  1.7-MHz  subcarriers 
are  available  between  7.  8  bps  and  256  kbps,  while  the  analog  channel 
gives  dual  bandwidth  options.  In  addition,  the  1.7-MHz  subcarrier  may 
carry  either  PCM  or  IRIG  telemetry. 
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•  Choice  of  signal  power  distribution  among  the  suboarrier  services. 
Depending  on  mission  requirements,  differing  signal  strength  margins 
may  be  assigned  to  the  various  services.  Thus,  if  high  reliability  or 
long  range  performance  is  required  of  one  particular  service,  that  ser¬ 
vice  may  be  allocated  a  proportionally  greater  share  of  the  available  RF 
signal  power  at  the  expense  of  the  remaining  services  by  proper  selec¬ 
tion  of  carrier  phase  deviations.  In  such  a  case,  the  subcarrier  service 
thresholds  will  not  necessarily  occur  at  the  same  received  RF  signal 
level. 

The  general  relationship  between  the  total  Carrier  1  power  and  the  power  in  a 
specific  sinusoidal  subcarrier  is  given,  as  a  function  of  modulation  indices,  by 


SC1  2 

iri=2JI  «i> 


n  j(>i> 

1=2 


cos  (0  ) 

''prn' 


where 


fix 


sc. 


th 

=  the  carrier  modulation  index  due  to  the  i  sinusoidal  subcarrier 
=  the  carrier  modulation  index  due  to  the  subcarrier  in  question 
=  the  power  in  the  subcarrier  in  question 

=  the  total  unmodulated  carrier  power 


sc. 


=  designated  the  subcarrier  1  suppression  factor  when  stated  in  dB's 


prn 

N 

J_ 


the  uplink  modulation  index  of  the  PRN  ranging  subcarrier  for  a 
1:1  turnaround  ratio 
number  of  subcarriers 

th 

bessel  functions  of  the  zero1  order 
bessel  functions  of  the  first  order 
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The  carrier  suppression  factor  is  Riven  by 


N 

n 

i=i 


fo 


2 

cos  (fl 


prn) 


In  calculating  the  performance  of  a  given  SGLS  configuration,  the  carrier  sup¬ 
pression  factor  should  always  be  checked  to  ensure  that  an  SNR  well  in  excess  of 
6  dB  in  the  carrier  tracking  phase-locked-loop  bandwidth  is  available  in  order  to 
assure  reliable  carrier  lock. 


Where  the  PRN  ranging  subcarrier  is  of  concern,  the  relationship  between  the 
Carrier  1  power  and  the  power  in  the  PRN  suboarrier  (subcarrier  suppression) 
is 


P 

prn 


The  subcarrier  suppression  equations  are  used  in  relating  the  subcarrier  power 
requirements  of  an  individual  subcarrier  service  to  the  total  received  power  when 
other  subcarriers  are  present. 


In  applying  the  above  equations,  certain  uplink  services  are  subject  to  turnaround 
and  will  appear  as  additional  subcarriers  on  the  downlink.  The  uplink  analog 
channel  and  the  low-  and  medium-rate  command  channels  are  on  subcarriers  of 
lower  frequency  than  the  nominal  800  kHz  cutoff  frequency  of  the  vehicle-borne 
turnaround  lowpass  filter.  These  subcarriers,  when  present,  must  be  included 
in  the  number  (N)  of  downlink  subcarriers  in  computations  of  carrier  and  sub¬ 
carrier  suppression.  Turned  around  subcarriers  will  appear  on  the  downlink 
with  uplink  modulation  indices  multiplied  by  the  turnaround  ratio. 
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FM  Service  Thresholds 


SGLS  offers  three  downlink  FM  service  capabilities  on  two  of  the  Carrier  1  sub¬ 
carriers.  In  all  cases,  a  threshold  SNR  of  10  dB  is  assumed.  Additional  inci¬ 
dental  losses  on  the  order  of  1.0  to  2.0  dB  are  known  to  occur  on  all  services. 
The  threshold  power  calculation  is  listed  in  Table  3  -14. 

TABLE  3-14 


FM  SUBCARRIER  SERVICES  •  SUBCARRIER  THRESHOLD  POWER  CALCULATIONS 


Parameter 

1.25-MHz  Voice 

1.25-MHz  Analog 

1 . 7-MHz  Telemetry 

Threshold  signal-to-noise 
ratio 

10.0 

10.0 

10.0 

Bandwidth  (dB) 

44.0 

51.9 

58.2 

Demod.  Loss  (dB) 

1.0 

1.0 

2. 1 

S/N  (dB) 

55.0 

62.9 

70.3 

Nq  (336*  K)  (dBm/Hz) 

-173. 3 

-173.3 

-173.3 

Subcarrier  Threshold 

Power  (dBm) 

-118.3 

-110.4 

-103.0 

PCM  Service  Thresholds 

Either  the  1.024-MHz  or  the  1.7-MHz  subcarrier  may  carry  PCM  data.  Tables 
3-15  and  3-16  list  the  respective  subcarrier  threshold  calculations  for  each  bit 
rate.  Threshold  SNR’s  in  the  tables  reflect  observed  SNR  degradations.  In 
addition,  the  threshold  subcarrier  powers  indicated  apply  strictly  to  NRZ-L  and 
BI0-L  codes.  Further  degradations  of  0. 3  dB  are  observed  when  NRZ-M,  NRZ-S, 
BIp-M  and  BI0-S  codes  are  used.  RZ  codes  effectively  operate  at  double  the  bit 
rate  and  suffer  a  corresponding  3-dB  SNR  degradation.  Figure  3-5  defines  these 
PCM  codes. 

-5 

The  PCM  threshold  is  the  operating  point  for  10  bit  error  probability  (P  )  at 

V 

all  bit  rates. 
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TABLE  3-15 

DOWNLINK  SERVICE  THRESHOLDS,  CARRIER  1:  1.024-MHz  SUBC 


♦System  Noise  Temperature  =  336*K 

**S/N0  =  signal-to-noise  density  ratio.  (Specification  CP  RAD  653A,  PCM  stored  Program  GrouodStation  lor  SOLS) 
♦♦♦Empirical  degradation  (see  Paragraph  3.3.3) 


WDL-TR3227-1 
Volume  1,  Part  1 


PRN  Ranging  Threshold 

The  ranging  system  "threshold"  is  defined  as  the  operating  point  at  whloh  the  rras 
range  error  due  to  downlink  noise  is  30  ft.  The  performance  of  the  range  olook 
phase-locked  loop  Is  the  major  factor  contributing  to  thresholding  of  the  ranging 
system.  The  code  acquisition  process  is  not  Involved  since  code  acquisition  error 
probability  can,  in  principle,  be  made  arbitrarily  low  by  appropriate  oholce  of 
integration  time. 

TABLE  3-17 

The  analysis  in  Volume  III,  Appendix  II,  prn  ranging  threshold 

indicates  that  a  threshold  S/NQ  of  26.6  dB- 
Hz  will  produce  the  30-ft  error  when  the 
4-Hz  clock  loop  bandwidth  is  used.  As 
indicated  in  Table  3-17,  this  results  in 
a  PRN  threshold  power  of  -146. 7  dBm. 


3.3.4  Carrier  2  Thresholds 


Suhenrrlor  slunal-to-notsc- 

(IB-H* 

density  ratio  S/Nq 

n  K) 

o 

-173.  a  dBm/ll/. 

Subcarrier  threshold  power 

-146.7  dBm 

Carrier  2  PCM  data  is  regenerated  in  the  same  equipment  as  both  Carrier  1  PCM 
services.  In  this  case,  the  carrier  power  at  threshold  is  the  parameter  of  interest 
since  direct  PSK  modulation  of  the  carrier  is  used.  Also,  only  a  single  demodu¬ 
lation  process  takes  place,  so  that  only  two  sources  of  performance  degradation 
are  evident:  the  carrier  demodulation  and  the  data  regeneration.  The  quoted 
threshold  SNR's  in  Table  3-18  include  the  appropriate  empirical  degradation  factor 
at  each  bit  rate. 

3.3.5  Carrier  3  Thresholds 

Table  3-19  gives  the  threshold  computation  for  Carrier  3  operation.  Any  sys¬ 
tem  SNR  degradations  are  inherent  in  the  threshold  SNR  figure  quoted,  since  the 
FM  demodulator  operates  directly  on  the  received  carrier.  Further  signal 
processing  is  not  assumed  since  the  data  form  is  unspecified. 
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TABLE  3*18 

CARRIER  3  THRESHOLDS 


Parameter 

Bit  Rates 

128  kbps 

256  kbps 

512  kbps 

768  kbps 

1024  kbps 

Required  C/N0(dB-Hi*) 
P,  ■  10“5 

9,6 

9.6 

9.6 

9.6 

9.6 

PCM  Degradation  (dB) 

1.0 

1.0 

1.0 

1.0 

1.0 

Demodulator 
Degradation  (dB) 

3.0 

2.9 

2.3 

2.3 

3.1 

Required  C/N0  (dB-Hz) 

13.  G 

13.5 

12.9 

13.7 

N0**  (dB/Hz) 

-173.3 

-173.3 

fflH 

-173.3 

-173.3 

Bandwidth  (dB) 

51. 1 

54.1 

1 

58.6 

60.1 

RF  Threshold  dBm 

-108.6 

-105.7 

-103.3 

-101.8 

-99.5 

♦Theoretical  for  BI^-L  and  NBZ-L  codes.  Add  0. 3  dB  to  threshold 
for  NRZ-M,  NRZ-S,  BI<f>-M,  and  BPS  codes.'Add  3  dB  for  RZ  code 
(specification  CPRAD-653A,  PCM  Stored  Program  Telemetry 
Ground  Station  for  SGLS). 

♦♦Noise  power  density  for  336°K  system  noise  temperature. 


TABLE  3-19 

CARRIER  3  THRESHOLDS 


Mode 

500 -kHz  BW 

3-MHz  BW 

35-MHz  BW 

Demodulator 

Modulation 
Tracking  Phase- 
Locked  Loop 

Modulation 
Tracking  Phase- 
Locked  Loop 

Conventional 

Discriminator 

Predetection- 
bandw  idth  ( dB  -  Hz) 

57.0 

64.7 

75.4 

S/N  ratio  (dB)* 

10.0 

10.0 

10.  0 

Nq  (dB/Hz)** 

-173. 3 

-173.  3 

-173.3 

RF  Threshold  (dBm) 

-106.  3 

-98.  6 

-87.9 

♦Measured  in  predetection  bandwidth . 

♦♦Noise  power  density  for  336°K  system  noise  temperature. 
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3.3.6  Typical  Performance 

Because  of  the  large  number  of  available  combinations  of  downlink  signal  configura¬ 
tions,  it  is  not  feasible  to  present  in  this  analysis  all  possible  performance  data. 
Instead,  a  procedure  is  provided  to  assist  the  SOLS  user  in  determining  the 
performance  of  a  specific  combination  of  services.  In  addition,  the  performance 
of  a  typically  configured  system  is  presented. 

Procedure  for  Determining  Performance 

The  procedure  for  determining  downlink  performance  consists  of  four  steps: 

1.  Compute  the  available  total  received  power  (PT) 

2.  Determine  required  threshold  power  (PR) 

3.  Compute  subcarrier  suppression  factor  (Pg) 

4.  Compute  the  power  margin  (PM) 

Each  of  these  steps  is  considered  in  detail  in  the  following  paragraphs. 

Compute  PT—  the  available  total  received  power  in  dBm,  As  a  first  step  in  deter¬ 
mining  downlink  performance,  the  amount  of  total  received  power  available  at  the 
input  reference  point  (parametric  amplifier  input)  must  be  determined.  This 
required  knowledge  of  the  operating  parameters  of  the  spacecraft  which,  in  general, 
varies  from  one  vehicle  to  another. 

Table  3-20  presents  a  typical  downlink  power  computation.  A  2-W  vehicle  trans¬ 
mitter  is  postulated  along  with  an  omnidirectional  antenna.  Space  loss  is  con¬ 
sidered  the  variable  in  this  case.  The  SGLS  high  gain  antenna,  a  60-ft  parabola 
with  a  multipurpose  feed,  is  assumed.  This  provides  a  gain  of  48  dB  referred  to 
the  parametric  amplifier  input.  The  received  signal  power  is  seen  to  be  76.2  -  Lg 

dBm,  where  L  is  the  space  loss  in  dB  for  the  mission  of  interest, 
s 
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TABLE  3-20 

DOWNLINK  POWER  BUDGET,  TYPICAL  SYSTEM 


Parameter 

Value 

Carrier  1  Vehicle  Transmitter  Power  (2  W) 
Multiplexer  and  Cable  Loss 

Vehicle  Transmitter  Antenna  Gain 

33.  0  dBm 

-1.  8  dB 

0  dB 

Effective  Radiated  Power  (ERP) 

31.  2  dBm 

Space  Loss  (L  =  104.  6  +  20  log  R  nmi) 
s 

Polarization  Loss  (linear  polarization) 

Receiver  Antenna  Gain  (referred  to  paramp  input) 

-Ls  dB 
-3.  0  dB 

48  dB 

Total  Received  Power  (Pt) 

76.  2  -  Lg  dBm 

A  graph  of  space  loss  vs  vehicle  range  in  the  downlink  frequency  band  is  shown 

in  Figure  3-14.  This  may  be  used  in  lieu  of  computation  to  obtain  the  value  of  L  . 

s 
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Determine  Pr  -  the  required  threshold  power  in  dBm.  This  may  be  determined 
from  Tables  3-14  through  3-19,  which  show  subcarrier  and,  where  appropriate, 
carrier  threshold  powers  for  each  downlink  service. 

Compute  Ps  -  the  subcarrier  suppression  factor.  This  applies  to  the  subcarrier 
services  on  Carrier  1  only,  and  not  to  Carriers  2  and  3.  Subcarrier  suppression 
is  the  difference  between  the  total  signal  power  and  the  effective  power  in  the 
first-order  sidebands.  (See  "Performance  Optimization"  under  Paragarph  3.  3.  3 
for  the  computation  of  this  factor. ) 

Compute  PM  -  the  power  margin.  This  is  the  margin  (in  dB)  between  power  avail¬ 
able  and  power  required.  This  margin,  a  function  of  vehicle  range,  is  determined 
as  follows: 

PM  =  PT  “  *PR  +  PS> 

A  convenient  method  of  expressing  this  information  graphically  is  shown  in  Figures 
3-15  through  3-18,  where  PT  is  shown  plotted  against  vehicle  range  in  nmi,  and 
PR  +  Pg  is  shown  as  the  minimum  usable  P^  for  operation  at  threshold. 

Typical  Performance  Curves 

Utilizing  the  procedure  outlined  in  the  preceding  paragraphs,  the  performance  of 
a  typical  SGLS  downlink  configuration  was  determined.  This  performance  is 
illustrated  in  Figures  3-15  through  3-18.  These  figures  are  plots  of  total  received 
signal  power  (PT)  for  Carriers  1,  2,  and  3,  shown  decreasing  with  vehicle  range, 
and  intersecting  horizontal  levels  that  indicate  the  threshold  power  level  for  each 
particular  service.  The  point  of  intersection  corresponds  to  the  maximum  useful 
vehicle  range  for  that  service.  At  shorter  ranges  the  difference  between  the 
received  power  level  and  the  threshold  level  is  the  power  margin  (PM)  in  dB  for 
that  service. 

For  this  example,  the  assumption  is  that  a  basic  2  watts  of  Carrier  1  power  and 
1/2  watt  of  Carrier  2  power  are  diminished  by  4.  8  dB  (due  to  multiplexing  losses 
prior  to  radiation)  to  yield  vehicle  ERP's  of  28.  2  dBm  and  22.  2  dBm,  respectively. 
The  downlink  power  budget  calculation  of  Table  3-20,  after  modification  of  the 
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Figure  3-17  Downlink  Carrier  2  Performance  (High-Gain  Antenna  -  PCM  Services) 
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Figure  3-18  Downlink  Carrier  2  Performance  (High-G8in  Antenna  -  FM  Services) 
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EHP'a  to  the  above  value,  is  used  as  the  model  for  development  of  the  total 
reoeived  power  curves.  In  addition,  the  configuration  indicated  in  Table  3-21  is 
also  assumed.  The  division  of  power  among  the  Carrier  2  suboar riers  is  there¬ 
fore  dictated  by  the  carrier  modulation  lndioes  appropriate  to  that  configuration. 
Please  note  that  the  downlink  performance  represented  in  Figures  3-15  through 
3-18  is  in  no  sense  optimum  for  any  particular  downlink  servioe,  and  the  configura¬ 
tion  chosen  is  just  one  In  an  extremely  wide  range  of  oholces  of  subcarrier  mix, 
bit  rates,  etc. 

The  Carrier  1  threshold  signal  levels  shown  are  for  "loaded"  and  "unloaded"  op¬ 
eration.  These  terms  imply,  respectively,  that  all  uplink  and  downlink  sub¬ 
carrier  services  are  present  simultaneously,  or  that  a  single  service  only  is 
present.  In  general,  a  maximum  of  3-r  ~  "'tference  in  effective  reoeived  power 
at  threshold  is  observed  for  the  particvu  jbcarrier  mix  implied  in  Table  3-21. 
Similarly  the  Carrier  2  threshold  level  is  degraded  by  a  maximum  of  3-dBdue  to 
interference  from  Carrier  1. 


TABLE  3-21 

CARRIER  i  CONFIGURATION 


Parameter 

Voiee/Analog 
1.  25  MHs 

Analog  Telemetry 
1.  7  MHz 

PCM  1.  024  MHz 

PCM  1.  7  MHz 

Ranging  0.  5  MHz 

Carrier  Mod  Index 

0.  6  rad 

1.4  rad 

1.0  rad 

1.  4  rad 

0. 1  rsd 

Suboarrier  Suppreaalon 
(single  service) 

7,  8  dB 

2.3  dB 

4.1  dB 

2.3  dB 

20.  0  dB 

Subcarrier  Modulation 

1/10  kite  FM 

75  kHz  FM 

Blf  PM 

B10  PM 

PRN 

Subcarrier  Deviation 

*3/20  kHz 

*75  kHz 

*  ir/2  rad 

*  v/2  rad 

Modulo  2 

Bit  Rate 

N/A 

N/A 

7.  8  to 

128,000  bpa 

125  to 

256,  000  bps 

1  Mbps 

Predetection  Bandwidth 

25/155  kHz 

660  kHz 

N/A 

N/A 

N/A 
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SECTION  4 

UPLINK  SERVICES 

SGLS  uplink  services  provide  for  the  transmission  of  commands,  analog  daia,  PRN 
ranging  oode,  and  voice  communications  from  the  ground  station  to  the  spacecraft. 
This  section  describes  these  services  as  well  as  the  baseband  structure  and  design 
characteristics  of  the  uplink.  This  description  is  followed  b>  on  examination  of  up- 
link  performance  in  terms  of  effective  radiated  power  and  carrier  power  distribu¬ 
tion. 

4. 1  UPLINK  FUNCTIONAL  DESCRIPTION 

Uplink  sorvices  are  provided  by  signals  that  have  a  minimum  spectral  width  con¬ 
sistent  with  the  required  information  bandwidth.  The  technique  employed  uses 
phase  modulation  with  an  index  not  greater  than  1.  5  radians.  This  signal  provides 
a  carrier  of  adequate  strength  for  phase- locked-loop  acquisition  and  lock  to  assure 
data  demodulation  and  coherent  downlink  carrier  generation.  Information  is 
transmitted  by  and  recovered  from  the  first  sidebands.  Interference  between 
services  is  minimized  by  the  proper  selection  of  subcarrier  frequencies  and 
modulation  indices. 

4.1.1  Uplink  Baseband  Structure 

The  radio  frequency  carrier  is  modulated  by  the  uplink  baseband  signal,  which 
consists  of  the  PRN  ranging  code  sequence  combined  with  the  subcarriers  carrying 
the  other  uplink  services.  The  amplitudes  of  individual  components  of  the  base¬ 
band  can  be  adjusted  individually  in  four  steps.  After  the  amplitudes  of  the 
individual  components  are  selected,  the  signals  are  combined  to  form  the  baseband. 
An  adjustment  is  provided  to  set  the  RF  modulation  index.  A  peak  modulation  index 
of  1. 5  radians  will  not  diminish  the  RF  carrier  power  more  than  6  dB  below  its 
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unmodulated  level.  The  typical  oase  vises  peak  deviations  ranging  from  0.  5  to  1. 0 
radian,  which  diminish  the  carrier  from  0. 6  to  2. 4  dB. 

The  uplink  baseband  is  illustrated  in  Figure  4-1  wherein  the  frequency  bnsoline 
is  successively  expanded  to  clarify  the  fine  structure  at  the  lower  frequencies  and 
show  how  they  relate  to  the  subonrrior  frequencies.  Referring  to  Figure  4-1 
low-,  medium-,  and  high-rate  commands  are  transmitted  in  the  form  of  ternary 
NRZ  digital  signals  represented  by  ternary  FSK  subcarriers.  The  groups  are 
centered  near  2  kHz,  80  kHz,  and  1.0  MHz.  Only  one  command-rate  group  ia  used 
at  n  time. 

Analog  data  is  transmitted  by  frequency-modulating  a  i.  25-MHz  subcarrier,  with 
an  information  bandwidth  up  to  20  kHz. 

Voice  signals  frequency-modulate  a  30-kHz  subcarrier  with  the  modulation  signal 
pre  -emphasized  at  approximately  6  dB  per  octave  to  improve  the  signal -to -noise 
ratio  in  the  vehicle  subcarrier  demodulator. 

PRN  ranging  sequences  consist  of  a  pseudo  random -coded  binary  signal,  with  a 
1-Mbps  rate.  This  signal  phase -modulates  the  RF  carrier  directly.  The  spectrum 
for  such  a  signal  is  a  set  of  spectral  lines  that  have  a  power  density  proportional  to 
(sin  x/x)  ,  with  the  first  minima  at  ±1.  0  MHz  about  the  carrier.  This  spectrum 
makes  the  selection  of  subcarrier  frequencies  near  1.0  MHz  most  suitable  for 
high-rate  commanding  and  analog  data  transmission,  since  minimum  interference 
from  PRN  will  be  experienced.  The  selection  of  the  region  around  80  kHz  for 
medium-rate  commanding  also  minimizes  interference  from  PRN  by  avoiding  con¬ 
centrations  of  power  resulting  from  the  periodic  nature  of  the  PRN  code. 

Table  4-1  summarizes  the  characteristics  of  the  uplink  baseband. 
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UPUNr 


Figure  4-1  Characteristics  of 
Uplink  Baseband 


Commanding 

A  noncoherent  system  is  used  for  SGLS  commanding  since  the  demodulation  equip¬ 
ment  in  the  spacecraft  is  more  reliable,  weighs  less,  and  consumes  less  power. 
While  analysis  (Volume  in,  Appendix  V)  indicates  that  a  coherent  system  would  have 
thresholds  7  dB  below  a  noncoherent  system,  the  higher  threshold  of  the  latter  is 
more  than  offset  by  the  15  to  40  dB  greater  margins  on  the  uplink  compared  to  those 
on  the  downlink. 

Command  transmission  is  performed  by  a  ternary  data  link,  using  frequency-shift 
keyed  (FSK)  subcarriers  to  represent  the  three  data  states  of  the  ternary  system. 
The  data  symbols  "l",  "0",  and  "S"  are  each  represented  by  a  discrete  frequency. 
Only  one  frequency  is  permitted  to  appear  at  any  time,  and  at  no  time  may  signals 
be  absent.  This  is  a  nonreturn-to-zero  (NRZ)  signal  providing  a  "carrier"  for  a 
sync  wave  amplitude-modulation. 
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The  command  signal  contribution  to  the  baseband  oan  be  varied  from  zero  modu¬ 
lation  of  the  oarrier  through  nominal  values  of  0. 1,  0. 3,  and  1.0  radian.  Figure 
4-2  Illustrates  the  ternary  FSK  oomraand  suboarrier  amplitude  modulated  by  the 
sync  signal. 

Modulation  fcetor  (M)  ■  .  0.1Q  o  I  OH 

‘max  ‘min 

Sync  Daley  ■  6 


\ ,  Modulation  envelope  It  triangular  for  oil  command 
rotei  except  the  100-kbpi  rate,  whoia  bandwidth 
rettrictlon  ratuitt  In  a  line-  wave  modulation  envelope* 


3.  Frequenclet  are  not  drawn  to  icala. 

Figure  4-2  Typical  Command  Signal  Waveform 

Table  4-1  indicates  the  ternary  frequencies  associated  with  the  low-,  medium-, 
and  high-rate  command  signals.  At  the  low-  and  medium-baud  rates,  the  signals 
are  generated  by  keying  on  and  off  the  outputs  of  constantly  running  oscillators. 
Demodulation  of  low-  and  medium-rate  commands  in  the  vehicle  is  accomplished 
by  sets  of  three  filters,  followed  by  envelope  detectors  and  logical  decision  cir¬ 
cuits  that  determine  which  channel  contains  the  greatest  signal -plus -noise.  At 
the  high-baud  rates,  the  signals  are  generated  by  a  volt  age -controlled  oscillator 
(VCO)  that  responds  to  keyed  step-function  voltage  inputs.  This  method  is  used 

because  the  spectrum  out-of-band  drops  12  dB  per  octave  for  the  VCO  versus 
6  dB  per  octave  for  the  keyed  oscillators.  This  minimizes  the  crosstalk  in  the 
1.  25-MHz  analog  channel. 

The  limiter -discriminator  predetection  bandwidth  in  the  vehicle  is  typically 
200  kHz.  Thus  the  100,000-baud  commands  will  be  processed  in  a  narrowband 
system,  but  the  same  system  will  appear  to  be  a  wideband  FM  system  to  the 
10, 000-baud  command  signal.  Analysis  (Volume  III,  Appendix  V)  shows, 
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TABLE  4-1 


UPLINK  BASEBAND  CHARACTERISTICS 


Service 

Information 

Bandwidth 

Modulation 

Subcarrier 

Frequency 

Subcarrier 

Deviation 

(Peak) 

Voice 

200  Hz  to  3  kHz 

FM 

30  kHz 

±3.0  kHz 

Analog 

100  Hz  to  20  kHz 

FM 

1.25  MHz 

±30.0  kHz 

Low -Rate 
Command 

1  and  20  bauds 

FSK  1 

0 

S 

2.05  kHz 

2.  40  kHz 
2.79  kHz 

N/A 

Medium  - 
Rate  Com¬ 
mand 

100,  1000,  2000 
bauds 

FSK  S 

0 

1 

65  kHz 

76  kHz 

95  kHz 

N/A 

High-Rate 

Command 

10k  bauds 

FSK  1 

0 

s 

0.  975  MHz 
1.024  MHz 
1.073  MHz 

N/A 

High-Rate 

Command 

100k  bauds 

FSK  1 

0 

s 

0.989  MHz 
1.024  MHz 
1.059  MHz 

N/A 

Ranging 

1  Mbps 

Direct 

Carrier 

PSK 

N/A 

N/A 

however,  that,  when  optimum 
frequency  deviations  are  used, 
the  difference  in  performance 
of  the  wideband  case  compared 
to  the  narrowband  case  is  only 
0.  9  dB.  Table  4-2  lists  the 
optimum  frequency  deviations 
and  associated  signal  thresh¬ 
olds  for  a  bit-error  rate  of  10" 

Based  on  this  analysis,  the  FSK  threshold  signal -to-noise  ratios  (SNR’s)  for  a  bit- 

_5 

error  rate  of  10  have  been  established  at  20  dB  measured  in  a  bandwidth  equal 
to  the  baud  rate. 


TABLE  4-2 


COMMAND  THRESHOLDS 


Baud  Rate 

Deviation 

Threshold  SNR 

10,000 

100,000 

±49  kHz 

±35  kHz 

19,  5  dB 

20.4  dB 
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To  minimize  the  digital  error  rate  in  the  presence  of  disturbances  such  as  noise, 
the  oommand  data  pulses  should  be  sampled  at  a  time  when  the  pulse  amplitude 
reaches  a  maximum  value.  As  noted  above,  the  sampling  pulse  is  derived  from  a 
synchronizing  signal  that  is  amplitude  modulated  onto  the  command  subcarrier. 

The  phase  of  the  synchronizing  signal  must  be  selected  such  that  its  zero  crossings, 
which  generate  the  sampling  pulses,  are  coincident  with  the  maximum  value  of  the 
data  pulses.  The  latter  is,  however,  affected  by  timing  uncertainties  Introduced 
by  both  ground  and  vehicle  equipment  as  well  as  sync  jitter  due  to  link  noise. 

These  sync  timing  uncertainties  were  analyzed  (Volume  I,  Appendix  A)  to  determine 
the  optimum  total  sync  delay  for  the  various  command  rates  and  the  impact  on  the 
SNR  (in  the  vehicle  signal  conditioner)  required  to  maintain  a  bit  error  rate  of  10~°. 
In  addition,  a  proposed  value  for  the  ground  equipment  sync  delay  was  established. 
The  results  of  this  analysis  are  listed  in  Table  4-2A, 


TABLE  4-2 A 


Parameter 

Command  Rate 

100  k  baud 

Lower  Rates 

Total  sync  uncertainty 

±0. 113 r 

'  ±0.  06T 

Optimum  total  sync  delay 

0.  73  r 

0.  94T 

Increase  in  SNR  for  Pe=10-J 

0.  50  dB 

0.  18  dB 

Sync  Delay  allocated  to 
Ground  Equipment  t 

0.  6 Or 
±0.  10  T 

0.  60 T 
±0.  03T 

r  =  bit  period 

t  =  this  sync  delay  optimum  for  1  kbaud  rate 


The  allocation  of  sync  delay  to  the  ground  equipment  (0.  60 t)  is  based  on  a  vehicle 
design  which  employs  a  1  kbaud  command  rate.  Note,  however,  that  the  optimum 
total  sync  delay  is  relatively  large  for  both  the  100  kbaud  rate  (0.  73T)  as  well  as 
the  lower  rates  (0.  94 r).  Since  this  is  the  case,  it  is  proposed  that  this  ground 
equipment  delay  (0.  60  r)  be  fixed  and  system  design  be  optimized  by  the  selection 
of  an  appropriate  delay  in  future  vehicles  for  the  specific  command  rates  of 
concern. 
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Ranging 


The  PRN  ranging  oode  is  initiated  by  the  transmitting  code  generator,  and,  after 
shaping,  is  combined  with  other  uplink  services  and  applied  to  the  transmitter 
modulator.  A  four-step  attenuator  permits  selection  of  modulation  indioos  of  0, 
0.1,  0.3,  and  1.0  radian  by  selecting  attenuator  steps  0,  1,  2,  or  3  on  the  base¬ 
band  assembly  unit.  After  demodulation  of  the  uplink  signal  in  the  spacecraft,  the 
uplink  baseband  is  applied  to  an  800-kHz  lowpass  filter.  The  filter  output  inoludes 
the  PRN  range  signal,  as  well  as  low-  or  medium-rate  command  signals  and  the 
voice  subcarrier,  if  any  of  the  latter  uplink  services  are  active.  The  PRN 
range  signal  is  retransmitted  (on  Carrier  1)  to  the  ground  station  by  application 
of  the  filter  output  to  the  transmitter  modulator.  Note  that  any  low-or  medium- 
rate  command  or  voice  signals  present  on  the  uplink  will  also  modulate  the  down¬ 
link  transmitter.  This  latter  modulation  is  undesirable  in  that  it  reduces  the 
power  available  for  Carrier  1  downlink  services.  Since  the  vehicle  transponder 
has  a  1:1  turnaround  modulation  ratio  (Volume  III,  Appendix  X),  low-level 
modulation  indices  should  be  used  on  the  uplink  to  minimize  this  undesirable 
modulation  of  the  downlink. 

Analog  Data 

On  the  uplink,  analog  data  is  frequency-modulated  on  a  1.25-MHz  subcarrier,  with 
frequency  deviations  of  up  to  ±30  kHz  and  an  information  bandwidth  of  20  kHz. 

The  nominal  modulation  index  of  the  analog  signal  on  the  RF  carrier  is  adjustable 
in  steps  from  0  to  0.  2,  0.6,  and  1. 2  radians. 

The  analog  FM  channel  is  subject  to  interference  from  the  100-kbaud  ternary  FSK 
command.  The  derivation  of  the  spectrum  of  a  ternary  FSK  signal  is  given  in 
Appendix  XI  of  Volume  III.  Analysis  shows  that,  with  respect  to  the  total  PCM/ 
PM  power  that  falls  in  the  100-kHz  predetection  bandwidth  of  the  analog  FM  sub¬ 
carrier,  a  single  VCO  is  9  to  12  dB  superior  to  three  separate,  gated  oscillators 
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as  a  modulator  (Volume  III,  Appendix  V).  Consequently,  the  VCO  Is  used  as  the 
high-rate  FSK  source  to  minimize  interference  from  the  high-rate  command  signal 
in  the  analog  channel. 

At  the  optimum  deviation  of  35  kHz  (Volume  III,  Appendix  V)  for  100-kbaud  com¬ 
mand  data,  the  interference  power  in  the  analog  channel  is  30  dB  below  the  total 
FSK  power.  This  is  a  conservative  figure  by  perhaps  3  dB  because  the  envelope 
(rather  than  the  exact  distribution  function)  of  the  spectral  density  lobes  was  inte¬ 
grated.  Finally,  the  worst  ternary  case  was  considered  because  the  probability  of 
occurrence  of  the  0-pulse  was  made  vanishingly  small.  This  is  a  worst  case  be¬ 
cause  the  0-pulse  is  transmitted  as  the  center  frequency.  In  the  other  limiting 
case,  where  the  probability  of  occurrence  of  the  0-pulse  is  unity,  the  spectrum  is 
a  spike  at  1.024  MHz,  and,  as  this  probability  approaches  zero,  the  spectrum 
spreads  out.  As  an  additional  complication,  the  sync  signal  is  transmitted  as 
amplitude  modulation  on  the  FSK  subcarrier.  The  presence  of  the  AM  spreads 
the  spectrum,  thus  enhancing  the  interference  power  in  the  analog  channel.  Plots 
of  the  envelope  function  that  was  integrated  with  the  FSK  as  compared  with  the 
amplitude -modulated  FSK  spectra  (Volume  III,  Appendix  XI)  indicate  that  the  inter¬ 
ference  power  estimates  mentioned  above  are  valid  for  the  amplitude -modulated 
FSK  signal.  The  interference  power  estimates  are  still  conservative  but  the 
margin  of  conservatism  is  somewhat  reduced. 

Voice 


The  voice  subcarrier  is  centered  at  30  kHz,  and  is  frequency-modulated  with 
deviation  of  ±3  kHz,  by  pre -emphasized  voice  signals.  The  subcarrier  level  can 
be  adjusted  in  steps  to  provide  nominal  RF  carrier  modulation  indices  of  0,  0.1, 
0.3,  and  1.0  radian.  As  noted  previously,  the  voice  subcarrier  is  one  of  the  sig¬ 
nals  unavoidably  turned  around  with  the  PRN  to  modulate  the  downlink.  The  voice 
subcarrier  power  on  the  downlink  interferes  with  the  PRN  and  uses  sideband 
power  that  should  be  devoted  to  downlink  services.  Therefore  the  uplink  voice  RF 
modulation  index  should  be  no  larger  than  necessary  to  provide  adequate  voice 
communication. 


The  command  and  analog  channel  frequencies  were  selected  to  minimize  inter¬ 
ference  from  the  PRN  ranging  code.  The  voice  subcarrier,  however,  was 
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established  at  30  kHz  to  be  compatible  with  the  Unified  S-Band  System  (USB).  As  a 
result,  many  discrete  PRN  components  fall  within  the  passband  of  the  voice  sub¬ 
carrier  demodulator. 

Analysis  indicates  that  interference  from  the  C  component  of  the  short  code  is 
generally  most  serious,  because  the  amplitude  of  that  component  is  greatest.  * 
Assuming  equal  peak  deviations  for  the  FM  voice  subcarrier  and  the  PRN  signal 
(SpM  =  ®PRN^  an(*  a  pea,t  voice  frequency  deviation  of  3  kHz,  the  S/I  is  24  dB  for 
the  fundamental  of  the  Cg  component.  When  the  deviation  is  0.  3  radian  for  the 
FM  subcarrier  and  0. 1  radian  for  the  PRN  signal,  the  S/I  improves  to  33  dB. 

The  next  largest  interference  signal  is  the  product  of  two  PRN-code  components, 

X*  B  ,  but  the  amplitude  of  this  signal  is  considerably  smaller.  Using  equal  peak 
s 

deviation  for  the  PRN  and  FM  signals  and  a  peak  voice  deviation  of  4.  3  kHz,  the 
S/I  is  31  dB.  When  the  deviation  is  0.  3  radian  for  the  FM  signal  and  0.  1  radian 
for  the  PRN  signal,  the  S/I  rises  to  41  dB. 

Interference  is  most  severe  where  tones  fall  at  the  edge  of  the  band;  i.  e. ,  the  fre¬ 
quency  difference  between  subcarrier  frequency  and  the  frequency  of  the  interfering 
PRN  component  is  near  the  upper  limit  of  the  voice  passband.  This  is  the  case 

for  the  C  fundamental  that  appears  at  33.  3  kHz  in  the  baseband.  However,  because 
s 

the  uplink  voice  circuit  uses  pre-emphasis,  the  de-emphasis  circuit  in  the  vehicle 

signal  conditioner  reduces  this  edge-of-channel  interference  by  a  factor  of  10  dB. 

Therefore,  the  overall  full-load-tone  S/I  should  be  about  33  dB  for  the  worstcase 

C  interference, 
s 

4. 1.  2  JLJplink  Transmission 

The  current  SGLS  equipment  design  includes  a  new  high-power  transmitter  that 
uses  a  TWT  amplifier  instead  of  the  klystron  amplifier  used  in  the  initial  Demon¬ 
stration  Ground  Station  (DGS).  In  addition,  the  current  system  interfaces  with  the 


*  Final  Design  Report,  Space-Ground  Link  Subsystem,  Volume  I  -  Vehicle,  TRW 
Systems,  1  February  1967. 
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high -gain  ns  well  as  the  low -gain  antenna.  The  effects  of  these  design  changes 
were  evaluated  and  the  results  are  discussed  in  the  following  subparagraphs. 

Envelope  Delay  Distortion 

An  inform  at  ion -bearing  signal  has  a  spectrum  consisting  of  discrete  frequency 
components,  each  having  a  specific  amplitude  and  phase  as  compared  to  the  carrier 
amplitude  and  phase.  A  signal  with  such  a  spectrum  can  be  applied  to  a  suitable 
demodulator  and  the  original  information  recovered.  However,  it  is  essential  to 
faithful  reproduction  of  the  original  that  the  amplitudes  and  phases  of  all  the  com¬ 
ponents  be  unchanged  before  reaching  the  demodulator.  Thus,  if  a  signal  passes 
through  any  device  that  delays  a  part  of  the  spectrum  more  than  any  other,  the  dif¬ 
ferential  time  delay  will  manifest  itself  as  phase  shift  varying  over  the  spectrum, 
and  will  cause  distortion  to  appear  in  the  demodulator  output  (envelope  delay 
distortion). 

The  effects  of  changing  the  envelope  time  delay  in  the  10-kW  power  amplifier  were 
analyzed  when  the  TWT  power  amplifier  was  substituted  for  the  klystron  used  in 
the  DGS.  The  klystron  response  curve  is  typically  that  of  a  bandpass  filter,  which 
has  a  strong  parabolic  component  of  phase  delay  near  the  skirts  of  the  curve.  The 
response  of  the  TWT,  on  the  other  hand,  is  relatively  flat,  but  it  has  an  apparently 
nonperiodic  ripple  structure  that  varies  from  tube  to  tube,  and  that  may  exceed  the 
0. 2  nanosecond  envelope  delay  permitted  by  the  original  transmitter  specification. 
Typical  klystron  and  TWT  envelope  delay  curves  are  presented  in  Figure  4-3. 

The  analysis  was  performed  using  a  digital  computer  that  was  programmed  to 
simulate  phase  modulation  by  a  200-kHz  sine  wave  and  a  550-kHz  sine  wave  simul¬ 
taneously,  each  with  1.  0  radian  peak  modulation  index. 

The  computer  program  developed  the  spectrum  of  the  modulated  carrier  and  then 
systematically  applied  phase  delays  in  an  8-MHz  interval  to  the  individual  spectral 
lines.  The  resulting  spectrum  was  then  demodulated,  assuming  an  ideal  phase 
demodulator,  and  the  resulting  two-tone  signal  (plus  distortion  components)  was 
compared  to  the  original  to  evaluate  the  distortion. 
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\ .  Klyttron  d«lay  was  tea  tad  from  aocapane*  tMt  data  tor  VA-88Q. 

2.  TWT  data  waa  obtaioad  from  acoaptanca  ttat  for  VA-S44  Sarlrt  No  007. 


Figure  4-3  Klystron  and  TWT  Envelope  Delay  Curves 


Three  cases  were  analyzed.  Case  1 
is  for  the  original  differential  time 
delay  specified  for  the  TWT  trans¬ 
mitter.  Case  2  doubles  the  values  in 
Case  1.  Case  3  was  an  estimate  of 
the  probable  differential  tirrfe  delay 
values  for  the  TWT  under  worst -case 
conditions.  The  parameters  and 
analytical  results  are  presented  in 
Table  4-3.  It  is  concluded  that  dif¬ 
ferential  time  delays  of  the  magni¬ 
tudes  evaluated  will  not  degrade  the 
uplink  performance  to  any  measurable 
degree. 


TABLE  4-3 

TWT  ENVELOPE  DISTORTION  ANALYSIS  (8-MHl  INTERVAL) 


Parameter 

Case  1 

Caae  2 

Caae  3 

Llne«r  Time  Delay  (ns) 

16.  5 

33.0 

13.  0 

Parabolic  Time  Delay  (na) 

1.  5 

3.0 

26.  0 

Ripple  (nn) 

0 

0 

0 

Distortion  (dB) 

-52 

-47 

-51 
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Limits  on  Transmitted  Power  vs  Frequency 

The  SGLS  10-kW  power  amplifier  is  inherently  a  broadband  device.  No  problem 
exists  when  the  transmitter  is  working  in  the  "dummy  load"  mode  so  long  as  the 
excitation  remains  within  the  frequency  range  where  the  high-power  circulator  is 
effective.  A  safe  operating  range  for  testing  in  the  "dummy  load"  mode  is  1.  7  to 
2.  0  GHz.  The  circulator  has  a  high-frequency  cutoff  near  2.  4  GHz,  but  at  this 
frequency  the  TWT  still  has  appreciable  gain.  Therefore,  if  the  drive  frequency 
approaches  this  region,  there  is  a  strong  possibility  that  unstable  operation  will 
result,  even  though  the  dummy  load  is  presenting  a  near-unity  VSWR.  These 
considerations  are  of  primary  interest  during  tests  of  transmitter  frequency 
response  when  a  sweeping  oscillator  may  be  used  for  the  driving  source. 

When  the  transmitter  is  in  "radiate"  mode,  the  presence  of  the  transmitter  output 
filter  between  the  antenna  feed  and  the  TWT  amplifier  restricts  the  operating  fre¬ 
quency  to  the  range  of  1750  to  1850  GHz.  This  restriction  is  due  to  the  increased 
reflected  power  outside  the  filter  passband,  which  activates  protective  devices  that 
remove  beam  power  from  the  TWT. 

Transmitter  Operation  at  High  VSWR 


The  transmitter  is  specified  to  operate  at  maximum  power  without  VSWR's  not 
greater  than  1.  68:1;  however,  investigation  shows  that  operation  at  higher  VSWR's 
will  not  damage  the  transmitter.  In  normal  operation,  the  transmitter  turns  off 
the  beam  supply  automatically  whenever  the  reflected  power  measured  at  the  trans¬ 
mitter  output  exceeds  a  nominal  3.  0  kW,  This  protects  the  RF  load  for  the  high- 
power  isolator  against  excessively  large  power  levels  .  However,  a  "critical 
mode"  can  be  initiated  in  emei’gency  situations,  in  which  the  normal  3-kW  limit 
on  excess  power  may  be  exceeded.  Effects  of  high-VSWR  operation  were  studied 
and  significant  results  are  shown  in  Figure  4-4, 
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The  TWT  must  supply  oiroult 
losses  and  a  net  transmitter  out¬ 
put  of  at  least  10  kW,  Figure  4-4 
shows  the  relationship  between  this 
useful  output  and  the  output  of  the 
TWT.  Below  1.  5:1,  the  useful 
output  can  be  maintained  by  in¬ 
creasing  the  TWT  output  to  make 
up  reflected  power  loss.  Above 
1.5:1,  the  TWT  is  delivering  its 
power  limit,  and  necessarily,  as 
the  reflected  power  increases, 
the  useful  output  power  falls. 

The  curve  for  "reflected  power" 
is  above  the  "reflected  power  in 
circulator  load"  because  of  cir¬ 
cuit  losses  between  the  reflected  power  monitor  point  and  the  circulator  load.  The 
circulator  is  rated  to  dissipate  4.  5  kW,  as  indicated  on  the  curve. 


The  ability  of  the  transmitter  to  operate  at  high  VSWR's  also  depends  on  the  stability 
of  the  individual  high-power  TWT.  This  factor  is  not  predictable,  and  must  be  ob¬ 
tained  experimentally  for  each  TWT /circulator  pair.  The  TWT  is  required  to  meet 
specifications  when  the  load  VSWR  at  its  output  flange  is  1.  2:1.  The  isolator 
(circulator)  attenuates  reverse  power  18  dB,  corresponding  to  a  VSWR  at  the  TWT 
of  1.09  when  the  load  VSWR  is  near  5:1  on  the  output  port  of  the  isolator. 

Transmitter-Receiver  Isolation 


High-Gain  Antenna.  The  high-gain  antenna  uses  a  multipurpose  feed  (MPF)  in 
which  the  transmitting  and  receiving  horns  are  physically  separated  but  electromag- 
netically  coupled  due  to  proximity.  The  isolation  factor  is  a  minimum  of  20  dB 
when  the  transmitter  is  in  the  1.75-  to  1. 85-GHz  frequency  band.  The  transmitter 
develops  70-dBm  output  power,  and,  allowing  for  transmission  loss  to  the  feed,  the 
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net  power  at  the  transmitting  feed  horn  is  68  dBm.  After  the  20-dB  coupling  loss  to 
the  receiving  horns,  the  net  maximum  power  in  the  receiving  channel  is  48  dBm. 

The  selective  filter  at  the  input  to  the  parametric  amplifier  is  designed  to  provide 
170-dB  insertion  loss  to  signals  in  the  transmitting  frequency  band,  which  results 
in  a  transmitter  power  level  at  the  parametric  amplifier  input  of  -122  dBm.  Since  the 
GRARE  tracking  threshold  input  signal  (for  a  6-dB  S/N  ratio  is  a  200-Hz  tracking 
loop)  is  approximately  -145  dBm  at  the  input  to  the  parametric  amplifier,  so  that 
the  signal -to -interference  ratio  (S/l)  is  -23  dB  at  this  point. 

A  5-pole  Chebyshev  bandpass  filter  between  the  parametric  amplifier  output  and 
the  down-converter  input  attenuates  the  transmitter  signal  100  dB  without  mater¬ 
ially  reducing  the  received  2. 2 -GHz  signal.  The  S/I  ratio  thus  becomes  93  dB  at 
the  input  to  the  down -converter,  which  is  the  first  nonlinear  device  in  the  receiving 
system.  Figure  4-5  illustrates  the  transmitter -receiver  interface  for  the  high-gain 
SGLS. 


Figure  4-5  Tranemitter- Receiver  Interface,  High- Gain  SGLS 
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Low  Gain  Antenna.  The  low-gain  SGLS  system  uses  the  14 -ft  wideband  (Prelort) 
antenna,  which  has  a  conical-scanning  feed  that  is  used  simultaneously  for  trans¬ 
mission  and  reception.  The  transmitter-receiver  interface  is  illustrated  in  Figure 
4-6.  The  transmitting  power  level  applied  to  the  feed  is  68  dBm;  the  diplexer 
attenuates  this  signal  at  the  receiver  input  port  to  -102  dBm.  The  received  signal 
required  at  the  same  point  for  tracking  with  a  6-dB  margin  in  a  200-Hz  phase-locked 
loop  bandwidth  is  -145  dBm.  The  parametric  amplifier  therefore  sees  -43  dBm 
S/I  ratio  at  its  input. 

The  transmitter  signal  level  at  the  input  to  the  5  pole  filter  is  -92  dBm  due  to  the 
gain  of  the  Parametric  Amplifier  (+10  dB).  At  the  same  time,  the  parametric 
amplifier  provides  26-dB  gain  for  the  received  signal  which  improves  the  S/I 
ratio  to  -27  dB.  The  5-pole  filter  in  the  down-converter  input  further  attenuates 
the  transmitter  signal  by  100  dB,  so  the  net  transmitter  interference  power  at  the 
down-converter  mixer  is  -192  dBm.  This  is  73  dB  below  the  tracking  threshold, 
with  intermodulation  products  in  the  receiver  passband  also  more  than  73  dB 
below  tracking  threshold. 


RECEIVING  CHANNEL 
FREQUENCY  RESPONSE 

1.75  -  1.85  GHz 

2.2  -  2.3  GHz 

-102  dBm 

PLI. 

lhreshold 
- 145  dBrr 

Gain  *-10  dP 
(Estimate) 

Gain  '26  dB 

-92  dBm 

-119  dBm 

Lost  -  1 00  dB 

Lass  -  Negligible 

-192  dBm 

-119  dBm 

(Interference) 

(Signal) 

S/I  192  dBm  -119  dBm 
;  73  dB 

Figure  4-6  Tranimitter- Receiver  Interface,  Low-Gain  SGLS 
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Transmitter  Noise 

The  SGLS  10-kW  uplink  transmitter  generates  in-band  and  out-of-band  noise. 

Noise  is  also  generated  by  the  multipurpose  feed  (MPF)  when  it  Is  functioning 
at  high-transmitted-power  levels.  These  effects  are  discussed  in  the  following 
paragraphs. 

In-Band  Noise.  In-band  noise  generated  by  the  transmitter  is  random  phase  modu¬ 
lation  that  is  caused  by  thermal  disturbances  in  the  exciter,  by  amplitude  modula¬ 
tion  of  the  beam  voltage,  and  by  mechanical  disturbance  of  the  equipment  by 
rotary  machines  and  fluid  motions.  Excursions  attributable  to  all  these  causes  are 
specified  not  to  exceed  50  milliradians  peak.  Tests  were  performed  on  the  10-kW 
TWT  to  determine  the  power  supply  ripple,  and  the  resulting  phase  modulation  was 
computed.  Calculations  indicate  that  phase  noise  in  the  final  amplifier  does 
not  exceed  the  specification  value. 


Qut-of-Band  Noise.  The  SGLS  system  requires  that  operation  of  the  10-kW  trans¬ 
mitter  will  not  degrade  the  system  noise  temperature  by  more  than  2%  com¬ 
pared  to  the  noise  temperature  when  the  transmitter  is  not  running.  The  noise 
performance  of  the  GO-  and  14-ft  antennas  meets  this  requirement. 

•  60 "ft  Antenna;  The  receiving  system  noise  temperature  is  336°  K, 

-18 

which  is  a  noise  density  of  4.  64  •  10  mW/Hz.  The  spectral 
noise  density  of  the  transmitter  is  below  -183  dBm/Hz,  and  this 
figure  is  attenuated  20  dB  by  the  coupling  loss  between  transmit  and 
receive  channels  in  the  MPF.  The  noise  density  from  the  trans- 

—21 

mitter  seen  by  the  parametric  amplifier  input  is  therefore  5  •  10 

mW/Hz.  This  power  added  to  the  receiving  spectral  noise  density 

—18 

increases  the  receiver  noise  density  to  4.695  •  10  mW/Hz,  which 
is  equal  to  340° K.  The  specified  2%  increase  in  spectral  noise 
density  in  the  receiving  channel  would  raise  the  temperature  to  342. 7°K, 
leaving  a  margin  of  2.7°K. 
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•  14— ft  Antenna;  The  14— ft  antenna  has  the  diplexer  transmit  arm  and 

the  transmitter  spectral  noise  filter  in  line  with  the  noise  path  to  the 
receiver  input,  which  provides  80  dB  more  isolation  than  that  obtained 
in  the  high-gain  SGLS.  Thus  the  increase  in  system  noise  due  to  trans¬ 
mitter  spectral  noise  density  is  considerably  less  than  2%. 

4.2  UPLINK  PERFORMANCE 

This  section  presents  the  uplink  performance  in  terms  of  effective  radiated  power 
and  typical  power  budgets.  Additional  information  is  provided  to  assist  the  SGLS 
user  in  optimizing  performance  for  specific  uplink  configurations. 

4. 2. 1  Effective  Radiated  Power 

The  SGLS  uplink  transmitter  is  capable  of  providing  10  kW  of  RF  power  to  the 
transmission  line  over  the  1. 75  to  1. 85  GHz  frequency  band.  The  effective 
radiated  power  (ERP)  varies  as  a  result  of  site-peculiar  differences  in  the  (1) 
transmission  line, (2)  RF  system  losses,  and  (3)  gain  of  the  antenna.  Either  of 
two  antennas  is  used  with  the  SGI5  system:  a  60-ft-diameter  parabolic  reflector 
fitted  with  a  multipurpose  feed  (MPF)  to  provide  46-dB  gain,  and  a  14-ft  diameter 
parabolic  reflector  fitted  with  a  conical -scanning  feed  to  provide  34-dB  gain.  The 
effective  power  radiated  by  each  type  is  discussed  in  the  next  two  paragraphs. 
Values  shown  are  the  rated  maximums;  output  power  can  be  controlled  from 
nearly  zero  up  to  the  values  derived  in  the  following  paragraphs. 

TABLE  4-4 

EFFECTIVE  RADIATED  POWER  (HIGH-GAIN  SGLS) 

ERP  High -Gain  Configuration. 

The  high-gain  configuration 
(Figure  4-7)  uses  a  60-ft  para¬ 
bolic  reflector  illuminated  by 
the  MPF  S-band  transmitting 
radiator.  The  performance 
values  (Table  4-4)  are  typical 
of  the  high-gain  SGLS  uplink. 
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Parameter 

Gains 

Losses 

Transmitter  Output 

+70  dBm 

VSWR 

-0.  3  dB 

Waveguide,  11)5  feet 

-0.  5  dB 

Rotary  Joints  (2) 

-0.  2  dB 

R  a  do  me  Lose 

-0,  6  dB 

Antenna  Gain 

+46  dB 

Total* 

+116  dB 

-1,6  dB 

Effective  Radiated 
Power: 

+114,  4  dBm 
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*  AM  Waveguide  it  WR-430  (Lott  0,49  dB/100  ft) 


*  All  Wuvoyiiide  it  All -430  (Loss  -  0.49  dB  100  ft) 


Figure  4-8  Low-Gain  Configuration 

ERP  Low-Gain  Configuration.  The  low -gain  configuration  (Figure  4-8)  uses  a  11 -ft 
parabolic  antenna  (the  wideband  Prelort)  illuminated  by  a  conical-scanning  iced. 


TABLE  4-5 

EFFECTIVE  RADIATED  POWER,  (LOW  GAIN  SOLS) 


Parameter 

Gains 

Losses 

Transmitter  Output 

■•70  dBm 

-0.  04  dB 

VSWR  at  "B" 

-0.  13  dB 

Waveguide,  25  Ft 

-0.  25  dB 

Diplexer  Loss 

-0.  38  dB 

VSWR  at  "A" 

-1.  00  dB 

Loss  "A"  to  Feed 

-1.  00  dB 

Feed  Loss 

-1.  00  dB 

Conscan  Loss 

-2.  00  dB 

Radome  Loss 

-0.  20  dB 

Antenna  Gain 

+34  dBm 

Totals 

+104  dBm 

-5,  00  dB 

Effective  Radiated  Power 

+99.  0 

dBm 

The  performance  values  (Table  4-5)  are  typical  of  the  low-gain  SOLS  up- link. 
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Range  (nmi) 

Figure  4-9  Space  Loss  for  1.8  GHz  Uplink 
4.  2.  2  Carrier  Power  Distribution 

Typical  Power  Budget.  High-gain  SGLS  uplink  performance  is  presented  in 
Table  4-6.  This  is  a  typical  uplink  calculatioa  Figure  4-9  shows  the  space 
loss  for  the  1.  8-GHz  uplink  signal  as  a  function  of  range  from  1  nmi  to  1  million 
nmi.  To  find  total  received  power  at  any  range,  enter  the  abscissa  on  the  graph 
at  the  desired  range,  and  read  the  space  loss  on  the  ordinate  at  the  left. 

The  performance  for  the  low-gain  SGLS  uplink  is  found  by  using  the  values  for  the 
high-gain  case,  then  reducing  the  received  power  by  15  dB,  to  account  for  the 
reduced  ERP  of  the  low-gain  configuration. 

Subcarrier  Power.  Once  the  total  power  received  at  the  vehicle  equipment  is 
known,  it  is  necessary  to  determine  what  part  of  the  total  can  be  allocated  to  each 
of  the  four  uplink  services  (ranging,  command,  analog  data,  and  voice).  The 
SGLS  equipment  controls  the  composition  of  the  baseband  by  pushbutton  selection 
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TABLE  4-6 

TYPICAL  UPLINK  POWER  BUDGET 


Parameter 

Value 

Effective  Radiated  Power,  High-Gain  SGLS 

114  dBm 

Vehicle  (Typical) 

Antenna  Gain 

0  (IB 

Polarization  Loss 

-3  dB 

Diplexer  Loss 

-1.  5  dB 

Cable  (3  ft,  RG-9) 

-0.  5  dB 

VSWR  (2.5:1) 

-0.  9  dB 

Signal  Power  without  Space  Loss 

108. 1  dBm 

Typical  Space  Loss  (100,  00Q  nmi)* 

-202.  9  dB 

Total  Signal  at  Vehicle  Receiver  Input 

-94.  8  dBm 

*To  find  carrier  power  for  any  range,  add  the  space  loss  from  Figure  3-14 
algebraically  to  108. 1  dBm. 


of  modulation  index  in  four  steps.  On  the  analog  data  channel,  the  steps  are: 
"off,"  0.2,  0.6,  and  1.2  radians  (nominal  values).  Steps  for  the  other  three 
services  are  "off, "  0. 1,  0.3,  and  1.  0  radian.  Table  4-7,  Uplink  Power  Distribu¬ 
tion,  shows  the  effect  of  selecting  different  combinations  of  modulation  indices  for 
the  various  services,  and  the  carrier  power  remaining  in  each  case.  The  values 
are  given  in  decibels  below  total  signal  power,  and  can  be  applied  directly  to  the 
total  received  power. 

Combinations  shown  in  Table  4-7  are  those  considered  most  probable  for  normal 
use.  Other  modulation  index  combinations  result  in  different  distributions  of 
carrier  and  sideband  power,  and  can  be  calculated  from 


sc. 


Pt  '  2  Ji  <0i>  *  cos“  I3 


PRN 


n 

n 

i  =2 


<*!> 
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where 


*  power  in  first  sidebands  of  the  subcarrier  of  interest 
=  Bessel  function  of  zero  order 
=  Bessel  function  of  first  order 
=  modulation  index  for  itn  service  (radians) 

=  total  signal  power 


TABLE  4-7 

UPLINK  POWER  DISTRIBUTION 


Modulation  Stops  Selected 

Carrier  and  Subcarrier  Power 
<dB  below  Total  FPP' 

1  PRN 

Command 

Analog 

Voice 

Step 

Mod  Index 
(radians) 

Step 

Mod  Index 
(rad (ana) 

Stop 

Mod  Indox 
(radians) 

Slop 

Mod  Index 
(radians) 

Carrier 

PRN 

Command 

Analog 

.  . 

Voice 

0 

(0) 

0 

(0) 

0 

(0) 

0 

(0) 

0 

OFF 

OFF 

OFF 

OFF 

1 

(0.11 

0 

(0) 

0 

(0) 

0 

(0) 

0.04 

20.0 

OFF 

OFF 

OKI' 

2 

(0.3) 

0 

(0) 

0 

(0) 

0 

(0) 

0.40 

10.  f> 

OF  F 

OFF 

OFF 

0 

(0) 

1 

(0.1) 

0 

(0) 

0 

(0) 

0,02 

OFF 

23.0 

OFF 

OFF 

0 

<0| 

2 

■ 

0 

(0) 

0 

(0) 

0.20 

OFF 

13. G 

OFF 

OFF 

1 

<0.11 

2 

0 

(0) 

0 

(0) 

0,24 

13.6 

OFF 

OFF 

2 

(0.3) 

2 

(0.3) 

0 

(0) 

0 

(0) 

0.60 

10.  B 

14.0 

OFF 

OFF 

i 

(0.1) 

2 

(0.3) 

■- 

0 

(0) 

0.33 

20.3 

13.7 

17.3 

OFF 

1 

(0.1) 

2 

(0.3) 

2 

1 

0 

(0) 

1.04 

21.0 

14.4 

8.1 

OFF 

1 

(0.1) 

2 

(0.3) 

2 

(O.(i) 

1 

(0.1) 

1.00 

21.0 

14.4 

8.1 

24, 1 

Carrier  power  diminishes  with  increasing  modulation  indices,  and  can  be  approx¬ 
imated  by  considering  only  the  first  sidebands,  as  in 


n 


PC  =  V  °°s2  flPRN  '  n/o  h 


When  the  ranging  signal  is  the  only  modulation,  the  power  in  the  sidebands  will  be 


PPRN  Sln  ^PRN  Pt  ’ 
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and  the  power  In  the  carrier  will  be 


P 

car 


2  - 
cos  /3 


PRN 


i 


where 


^PRN 

PPRN 

P 

car 


=  total  power  transmitted 
=  modulation  index  of  the  ranging  signal 
=  power  in  PRN  sidebands 
=  power  in  the  transmitted  carrier 


When  the  PRN  ranging  signal  is  not  the  exclusive  occupant  of  the  uplink,  then  the 
power  in  the  ranging  spectrum  will  be 


PPRN  Sm 


PRN 


n 

n 

i=l 


•'o 


Values  of  /?  ,  along  with  the  first  Bessel  functions  and  their  squares,  and  values 
2  2 

of  sin(/3)»  sin  (/?),  cos(f3),  and  cos  (/3)  are  presented  in  Table  4-8. 


TAlil.K  l-it 

BKSSKI,  AND  I IIKIONOMIOTUK'  KKNC!  IONS  OK  MOHUI. ATION  ANCil.K  fl'l 


Modulation 

Index 

(1*  radians) 

Bessel  Functions 

Trigonometric  Functions 

•'o'* 

sind' I 

cos  < f3) 

cos“no 

0 

I . oooo 

1. 0000 

o.oooo 

0.0000 

0.0000 

0.  001)0 

1.0000 

1.  oooo 

0. 1 

0.  0075 

0. 0050 

0.  0400 

(1.  0025 

0.000H 

0.  0000 

0.0050 

o.  oooo 

0.2 

O.  0000 

0. 0HO] 

0. 0005 

0.0000 

0.  10*7 

o.  o:to5 

0.  0MO1 

0.  0004 

o.:i 

0.  0770 

0.  0557 

0.  WH'.i 

0. 0220 

0.2055 

0.0*74 

0,0121 

0.0 

0. 0120 

0.  k:)17 

0.2H07 

0.0H22 

0. 50-H* 

0.51*5 

(1.  S250 

0, OH  1  0 

1.0 

0.  7052 

0. 5s 5 5 

0.1101 

O. 1027 

0,  M  l  15 

0.  70HO 

o.5  m:i 

0. 2020 

1.2 

0. 071 1 

0.  1501 

o.  ids:: 

o.  2  is:; 

o.  o:i20 

O.  M(iS0 

o.;iii2  1 

o.  i  ;  i:; 
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Uplink  Service  Thresholds.  Typical  signal  thresholds  for  the  uplink  services  are 
shown  in  Table  4-9.  The  values  listed  are  based  on  an  assumed  signal-to-noise 
density  ratio  of  -164  dBm/Hz. 


TABLE  4-9 


TYPICAL  UPLINK  THRESHOLD  LEVELS 


.Service 

Range 

Commands  -  Bit  Rales 

Data 

Typical  Vehicle  Parameters 

Unit 

PRN 

i 

20 

100  1 

lk 

mm 

10k 

look 

Analog 

Voico 

Signal -to-Noisc  Density 

dBm  /Hz 

-104 

-164 

-164 

-164 

-164 

-164 

-164 

-164 

-164 

Bandwidth 

an 

0 

13 

20 

1 n 

33 

40 

50 

50 

1:1" 

Noise  in  Bandwidth 

dBm 

-104 

-151 

-144 

-134 

-131 

-124 

-114  I 

-104 

-151 

Margin 

PRN  Demodulator 

dB 

20.  (!b 

- 

- 

Filtor-IJetoctor 

dB 

- 

20C 

20c 

20° 

20° 

20C 

_ 

_ 

Discriminator 

dB 

- 

- 

- 

- 

- 

- 

20U 

20U 

mm 

in'1 

Required  Subcarrier  Power 

i 

dBm 

-137.4 

-144 

-131 

-124 

-114 

-Ill 

-104 

-94 

-94 

-141 

aCommand  bandwidth  in  Hz  assumed  equal  to  signalling  rate  in  bauds. 
hSee  Volume  III,  Appendix  II . 
cSeo  Volume  III,  Appendix  V. 

^Threshold  of  a  conventional  FM  discriminator. 
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SECTION  5 

GROUND  STATION  DESCRIPTION 

This  section  describes  the  equipment  items  that  comprise  the  SGLS  ground  station 
and  delineates  their  physical  and  functional  relationship  with  each  other  and  with 
other  RTS  equipment  items.  Paragraph  5. 1  describes  the  individual  equipment 
items,  Paragraph  5. 2  illustrates  the  equipment  arrangement  at  a  typical  remote 
tracking  station,  and  Paragraph  5. 3  describes  built-in  system  test  capability. 

5.1  EQUIPMENT  DESCRIPTION 

The  functional  schematic  block  diagram  of  the  SGLS  ground  station  (Figure  5-1) 
depicts  the  interrelationship  of  the  various  SGLS  equipment  items  and  the  interfaces 
with  non-SGLS  RTS  equipment  items.  The  color  coding  on  the  diagram  enables  the 
reader  to  readily  distinguish  between  SGLS  equipment  items  that  are  common  to  all 
stations  (black)  and  those  that  are  unique  to  a  particular  antenna  configuration  (blue 
or  green).  The  equipment  has  also  been  segregated  according  to  the  equipment 
area  in  which  it  is  located.  SGLS  equipment  is  enclosed  within  heavy  red  lines  to 
distinguish  it  from  non-SGLS  equipment. 

5.1.1  Antenna  Interface  Equipment 

Either  of  two  configurations  of  antenna  interface  equipment  may  be  installed  at  the 
ground  station.  One  configuration  is  used  with  the  high-gain  (TT&C)  antenna  and 
the  other  with  the  low-gain  (Prelort)  antenna.  Functionally,  these  equipment  con¬ 
figurations  are  the  same  in  that  they  provide  the  necessary  isolation,  filtering, 
and  attenuation  between  SGLS  transmitting  and  receiving  equipment. 


5-1/5-2 


PHILCO 


PHILCO  -  FORD  CORPORATION 


WDL  Division 


RF  EQUIPMENT  AREA 


LEGEND 


Equipment  Areas 

SGLS  Equipment 
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Are  Hard-Wired  for  Specified  Option 


FIGURE  5-1  SGLS  SYSTEM  FUNCTIONAL  SCHEMATIC 
BLOCK  DIAGRAM 
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High-Gain  (TT&C)  Antenna  Equipment 

For  those  stations  equipped  with  the  high- 
gain  (TT&C)  antenna  (Figure  5-2),  the 
block  diagram  (Figure  5-1)  shows  the 
antenna  interface  equipment  in  blue.  Two 
groups  of  equipment  are  supplied  for  this 
configuration.  One  of  these  is  antenna- 
mounted,  and  the  other  is  installed  in 
the  RF  equipment  area. 


Figure  5-2  60-Foot  High-Gain  (TT&C)  Antenna 


The  antenna -mounted  equipment  consists  of  the  selective  filters,  parametric 


amplifier,  down-converter,  noise  source, 


Figure  5-3  Selective  Filter 


and  S-band  vertex  horn.  The  selective 
filters  (Figure  5-3)  are  waveguide 
coupled-cavity  bandpass  devices. 
Three  such  filters  are  installed 
between  the  multipurpose  feed  and 
the  parametric  amplifier.  These 
filters  provide  a  minimum  isolation 
of  170  dB  to  prevent  the  trans¬ 
mitted  power  from  reaching  the 
receiver. 
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The  filter  outputs  are  fed  to  the 
parametric  amplifier  (Figure  5-4), 
which  has  three  channels:  one  for 
the  sum  channel  and  two  for  error 
channels.  The  sum  channel  contains 
two  parametric  diode  amplifiers  and 
a  transistor  amplifier  in  cascade  to 
provide  a  26-dB  gain.  The  two  error 
channels  contain  a  tunnel  diode  ampli¬ 
fier  followed  by  a  transistor  amplifier 
to  provide  a  13 -dB  gain.  The  para¬ 
metric  amplifier  outputs  are  fed  to 
the  down-converter.  Whereas  the 
error  channels  are  fed  directly,  the 
sum  channel  is  routed  through  a 
power  divider  (n  ~>n-SGLS)  to  make 
this  signal  available  to  non-SGLS 
users. 


WDL  Division 
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Figure  6-5  Down  Converter 
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Figure  5-6  2-GHz  Noise  Source 
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The  down-converter  (Figure  5-5)  comprises 
three  identical  frequency  translators  that 
use  a  common  local  oscillator  whose  fre¬ 
quency  is  derived  from  the  reference  receiver. 
Each  translator  comprises  a  preselection 
filter,  isolator,  test  signal  coupler,  bandpass 
filter,  S-band  mixer,  IF  preamplifier,  and 
line  driver.  The  down -converter’s  three  IF 
outputs  are  at  130  MHz:  the  two  error 
channels  are  routed  to  the  GRARE’s  angle 
track  receiver,  and  the  sum  channel  is 
routed  to  the  G  RARE's  reference 
receiver. 


The  noise  source  (Figure  5-6)  is  a  test 
device  that  injects  a  noise  signal  to  the 
parametric  amplifier  via  a  directional 
coupler.  This  signal  permits  quantita¬ 
tive  determination  of  system  noise  per¬ 
formance. 


Figure  5-7  S-Band  Vertex  Horn 
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The  S-band  vertex  horn  (Figure  5-7) 
is  a  waveguide  horn  that  is  mounted 
near  the  vertex  of  the  antenna  reflector. 
Used  as  a  test  antenna,  this  horn 
radiates  simulated  downlink  signals 
for  pickup  by  the  multipurpose  feed 
(MPF)  or  receives  uplink  signals 
radiated  by  the  MPF  for  system 
monitoring. 
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For  those  ground  stations  that  are 
equipped  with  the  high-gain  TT&C 
antenna,  the  SGLS  antenna  interface 
equipment  items  in  the  RF  equipment 
area  consist  of  the  SGLS  antenna  panel, 
echo  check/receiver  test  control  unit, 
noise  figure  test  set,  boresight  atten¬ 
uator,  and  transmitting  filter.  As  shown  in  Figure  5-8,  the  SGLS  antenna  panel 
(in  the  antenna  control  console)  contains  a  reference  receiver  AGC  meter,  a  signal- 
present  indicator,  and  a  Carrier  1  phase-lock  indicator. 


41  MW 

Figure  6-8  SGLS  Antenna  Panel 


mw 

Figure  5-9  Echo  Check/Receiver  Test  Control  Unit 


The  echo  check/receiver  test  control 
unit  (Figure  5-9)  provides  a  means  of 
routing  test  signals  within  the  subsystem. 
This  unit  allows  the  transmitter  output 
to  be  monitored  or,  alternatively, 
allows  simulated  downlink  signals  to  be 
inserted  via  either  the  vertex  horn  or 
the  boresight  horn. 


The  transmitting  filter  (Figure  5-10)  is  a  bandpass  coupled -cavity  waveguide  device 
inserted  in  the  1.  8 -GHz  transmitter  output,  the  filter  removes  any  out-of-band 
energy  generated  by  the  TWT  amplifiers  in  the  transmitter.  The  noise-figure  test 


set  (AIL  Model  355W)  measures  the  noise 
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Figure  5-10  Trantmittlng  Filter 
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figure  of  the  receiver  equipment. 

The  0-tol00-dB  attenuator  is  inserted 
in  the  high-level  2.  2-GHz  test  signal 
path  between  the  test  transponder  output 
and  the  input  to  the  boresight  horn.  The 
attenuator  provides  positive  control  over 
the  strength  of  the  test  signal  received 
by  the  system  and  allows  simulation  of 
a  variety  of  reception  conditions. 
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Low-Gain  (Prelort)  Antenna  Equipment 

For  those  stations  equipped  with  low-gain 
(Prelort)  antenna  (Figure  5-11),  the  block 
diagram  (Figure  5-1)  shows  the  antenna 
Interface  equipment  in  green.  With  the 
exception  of  the  2-GHz  boreslght  horn, 
this  equipment  is  installed  in  the  RF 
equipment  area.  Used  as  a  test  antenna, 
the  2-GHz  boresight  horn  (mounted  on  a 
structure  approximately  300  feet  from 
the  Prelort  antenna)  detects  radiating 
energy  for  either  electrically  boresighting 
the  Prelort  antenna  or  performing  a  loop 
test  of  subsystem  performance. 

The  antenna  interface  equipment  items  in  the  RF  equipment  area  consist  of  a  diplexer, 
the  SGLS  antenna  panel,  parametric  amplifier,  down-converter,  receiver  test  unit, 
spectral  filter,  and  variable  attenuator. 

The  diplexer  (Figure  5-12)  is  a  3-port 
device  that  comprises  two  waveguide 
filters  connected  in  a  Y-configuration. 

This  device  allows  simultaneous  trans¬ 
mission  and  reception  over  a  common 
antenna.  Isolation  between  the  trans¬ 
mitter  and  receiver  ports  is  a  minimum 
of  170  dB  at  1.75  to  1.  85  GHz,  and  isola¬ 
tion  between  the  antenna  port  and  the 
receiver  port  is  a  minimum  of  60  dB  at 
2.7  to  2.95  GHz. 

Figure  5-12  Diplexer 
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As  shown  in  Figure  5-13.  the  SGLS 
antenna  panel  (in  the  master  radar  con¬ 
sole)  contains  a  reference  receiver  AGO 
meter,  a  conscan  AGC  meter,  a  signal- 
present  indicator,  and  a  carrier  phase- 
lock  indicator. 

Figure  5-13  SGLS  Antenna  Panel 


The  parametric  amplifier  is  identical  to  that  for  the  TT&C  antenna;  however,  since 
conical-scan  signals  are  provided  by  the  Prelort  antenna,  only  the  sum-channel 
amplifier  is  used  in  this  configuration. 

Similarly,  the  down-converter  is  identical  to  that  for  the  TT&C  antenna;  however, 
only  one  frequency  translator  is  used,  since  only  one  signal  is  present  in  this  con¬ 
figuration. 

The  receiver  test  unit  comprises  a  2-GHz  noise  source  and  a  patch  panel.  The 
2-GHz  noise  source  is  a  test  device  that  injects  a  noise  signal  into  the  receiver. 
This  signal  permits  quantitative  determination  of  system  noise  performance.  The 
output  of  the  noise  source  is  routed  to  the  patch  panel  along  with  the  low-level  RF 
test  signal  from  the  test  transponder.  The  patch  panel  provides  a  means  of  in¬ 
serting  one  of  these  signals  into  either  the  parametric  amplifier  or  the  down- 
converter. 

The  0-  to  100-dB  attenuator  is  inserted  in  the  high-level  2.2-GHz  test-signal  path 
between  the  test  transponder  output  and  the  input  to  the  boresight  horn.  The  at¬ 
tenuator  provides  positive  control  over  the  strength  of  the  test  signal  received  by 
the  system  and  allows  simulation  of  a  variety  of  reception  conditions. 
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The  spectral  filter  (Figure  5-14)  is  a  high- 
pass  waveguide  device.  Inserted  in  the 
1. 7-GHz  uplink  signal  path  between  the 
transmitter  output  and  the  diplexer  trans¬ 
mit  port,  the  filter  removes  any  out-of- 
band  energy  generated  by  the  TWT  amplifiers 
in  the  transmitter. 


Flyura  6-14  Spectral  Flltar 


5.1.2  Transmitting  Equipment 


The  transmitting  equipment  (Figure  5-15)  provides  the  baseband  assembly,  RF 
generation,  and  power  amplification  for  delivery  of  uplink  information  to  the  trans¬ 
mitting  antenna.  This  equipment  consists  of  a  baseband  assembly  unit,  a  20-chan¬ 
nel  transmitter  exciter,  a  transmitter  driver,  and  a  10-kW  S-band  power  amplifier. 


From  Prslort  TronimRtsr 


Figure  5-16  Transmitting  Equipment  Block  Diagram 
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Baseband  Assembly  and  Control  Units 


The  baseband  assembly  unit  (Figure  5-16) 
and  baseband  control  (Figure  5-17),  func¬ 
tionally  inseparable  units,  accept  uplink 
commands,  uplink  voice  and  analog  data, 
and  pseudorandom  noise  (PEN)  ranging 
signals,  all  of  which  are  processed  and 
combined  to  form  the  uplink  composite 
baseband. 
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Figure  5-16  Basebend  Assembly  Unit 


The  baseband  control  provides  the  panel 
switches,  controls,  and  relays  for  local 
and  remote  selection  of  the  circuit  pa¬ 
rameters  in  the  baseband  assembly  unit. 
The  baseband  control  also  contains  logic 
that  assures  synchronism  of  the  command 
signals  with  the  command  timing  signal. 
The  composite  baseband  is  applied  to  the 
input  of  the  transmitter  exciter. 


Figure  5-17  Baseband  Control 
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Transmitter  Exolter 

The  transmitter  exciter  (Figure  5-18)  generates  the  transmitter  carrier,  modulates 
this  carrier  with  the  composite  baseband,  and  presents  the  modulated  signal  to  the 
transmitter  driver.  The  exciter  provides  a  phase -modulated  RF  output  of  up  to 

20-mW  power  at  20  discrete  frequencies 
in  the  1750-  to  1850-MHz  band.  It  also 
provides  unmodulated  reference  signals 
at  exactly  1/64  and  1/32  of  the  selected 
output  frequency  for  use  in  the  range 
rate  extractor.  After  receiving  the  in¬ 
put  signal  (the  composite  baseband  from 
the  baseband  assembly  unit),  the  exciter 
generates  a  carrier  frequency  selected 
from  among  a  set  of  20  crystal  oscillators 
that  operate  near  14  MHz.  The  output  of 
the  selected  oscillator  is  multiplied  in 
frequency  to  approximately  112  MHz,  and 
then  phase-modulated  by  the  composite  baseband  input  signal.  The  modulated  signal 
is  doubled,  amplified,  and  multiplied  by  8  to  produce  a  phase-modulated,  low-level 
RF  signal  output  at  the  uplink  carrier  frequency. 

Transmitter  Driver 

The  transmitter  driver  (Figure  5-19) 
comprises  a  traveling  wave  tube  (TWT) 
amplifier  and  associated  monitor  and 
control  circuits.  The  driver  accepts  the 
low-level,  phase-modulated  signals  from 
the  transmitter  exciter  and  amplifies  them 
sufficiently  to  drive  the  S-band  power 
amplifier.  The  nominal  1800-MHz  car¬ 
rier  input  signal  from  the  transmitter 
exciter  drives  the  TWT,  which  amplifies 
the  input  signal  from  the  20-mW  level  to 


Figure  6-18  Tranimitter  Exciter 
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a  nominal  10  watts.  A  directional  coupler  samples  the  output  of  the  TWT  to  provide 
output-level  metering,  spectrum  display,  and  low -power  alarm  signals.  The  carrier 
signal  from  the  main  arm  output  of  the  directional  coupler  is  fed  via  a  manually 
controlled  variable  attenuator  (which  provides  at  least  50-dB  continuous  attenuation), 
a  marker  frequency  meter,  a  hybrid  circulator,  a  through-line  power  meter,  and 
a  coaxial  switch  to  either  the  input  of  the  S-band  power  amplifier  or  to  a  dummy 
load. 

S-Band  Po\yer  Amplifier 

The  S-band  power  amplifier  (Figure  5-20)  consists  of  a  liquid-cooled  high-power 
traveling-wave-tube  (TWT)  amplifier,  and  the  auxiliaries  for  control,  monitoring, 
and  protection.  The  amplifier  accepts  the  phase -modulated  S-band  signal  from 


Figure  5-20  S-Band  Power  Amplifier 
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the  transmitter  driver  and  amplifies  it  to  10  kW.  An  internal  waveguide  switch 
routes  the  transmitter  output  to  the  antenna  or,  in  a  test  operation,  routes  the  test 
signal  to  the  internal  dummy  load. 

The  drive  power  from  the  driver  is  fed  to  the  TWT  via  an  isolator  and  a  motor- 
driven  attenuator.  The  TWT  amplifies  the  signal  and  outputs  it  to  the  antenna 
through  a  high-power  isolator.  A  filter  assures  low  harmonic  output  levels. 
Protective  circuitry  contains  an  "electronic  crowbar"  that  discharges  the  high- 
voltage  filter  capacitor  harmlessly  in  the  event  of  an  arc  or  overload.  (The  crow¬ 
bar  circuits  sense  various  faults  and  cause  a  high-power  thyratron  to  short-circuit 
the  high-voltage  supply  within  10  microseconds  or  less,  thereby  preventing  damage. ) 
An  automatic  sensing  system  gives  a  visual  fault  indication,  and  a  keylock  system 
enables  single  point  control  of  transmitter  turn-ori  to  prevent  safety  hazards  during 
maintenance. 

Control  of  the  power  amplifier  is  accomplished  from  a  master  control  panel  that 
is  mounted  in  a  standard  19-inch  rack  anywhere  within  500  feet  of  the  transmitter. 


Radiation  Warning  Control  Equipment 

This  equipment  (Figure  5-21)  consists  of 
control-logic  circuitry  that  interconnects 
the  transmitter,  SOC,  and  various  visual 
and  aural  warning  devices  located  in  radi¬ 
ation-hazard  areas.  This  equipment 
is  interlocked  with  the  transmitter  and 
interfaces  with  the  RTS  radiation  warn¬ 
ing  equipment  to  allow  sufficient  time 
for  personnel  to  clear  hazard  areas 
before  high-power  RF  is  radiated. 
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Figure  5-21  Radiation  Warning  Control 
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The  receiving  equipment  (Figure  5-22)  provides  signal  detection  demodulation,  demulti¬ 
plexing,  and  frequency  tracking.  After  receiving  downlink  signals,  the  receiving  equip¬ 
ment  outputs  voice/analog  data,  telemetry  (PCM  and/or  PAM/FM,  FM/FM),  angle¬ 
tracking  error  signals,  and  range  and  range-rate  data.  The  equipment  consists  of  the 
ground  receiver  and  analog  ranging  equipment  (GRARE)  and  the  Carrier  2  demodulator, 
baseband  separation  unit,  and  the  1.7-MHz  demodulator.  The  GRARE  (Figure  5-23)  con¬ 
tains  the  reference  receiver,  angle  track  receiver,  range  receiver,  and  frequency 
synthesizer. 


Figure  5—22  Receiving  Equipment  Block  Diegram 
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Reference  Receiver 

The  reference  receiver  is  a  dual  conversion  de¬ 
vice  capable  of  operating  in  either  phase-lock  or 
crosscorrelation  modes.  It  accepts  the  130-MHz 
inputs(s)  from  the  down-converter  and  produces 
as  outputs  the  downlink  baseband(s),  ranging  data, 
doppler  data,  and  reference  signals  for  use  by  the 
angle  track  receiver  and  the  doppler  frequency 
converter. 

Angle  Track  Receiver 

The  angle  track  receiver  is  a  dual-channel  dual¬ 
conversion  device.  In  the  high-gain  antenna 
configuration,  the  receiver  detects  angle-tracking 
errors  and  converts  these  to  error  voltages  for 
feedback  to  the  antenna  servo  system.  Receiver 
inputs  are  the  azimuth  and  elevation  error  channel 
outputs  of  the  MPF.  Both  receiver  channels  are 
used,  one  for  each  input.  In  the  low-gain  (Prelort) 
antenna  configuration,  however,  only  one  channel 
is  used  (to  recover  the  conical- scan  amplitude 
modulation  from  the  receiver  input). 

Range  Receiver 


In  conjunction  with  digital  ranging  equipment,  the 
range  receiver  initially  determines  and  continu¬ 
ously  updates  the  slant  range  of  the  space  vehicle 
from  the  tracking  station.  During  initial  range 
determination,  the  range  receiver  compares  the 
receiver  PRN  code  with  the  transmitter  PRN  code 
and  produces  a  signal  (correlation  voltage)  that 


Figure  5-23  GRARE 
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is  a  measure  of  the  degree  of  correlation  between  these  codes.  (The  digital  ranging 
equipment  uses  this  signal  to  establish  the  initial  vehicle  range.)  The  range  re¬ 
ceiver  also  compares  the  received  clock  signal  with  the  transmitter  clock  and 
produces  the  doppler  of  the  two  signals.  When  initial  determination  is  complete, 
the  digital  ranging  equipment  uses,  this  doppler  signal  to  update  the  vehicle  range. 

Frequency  Synthesizer 

The  frequency  synthesizer  (Figure  5-24)  accepts  the  signal  from  the  reference 
receiver  VCO  and  produces  an  internally  synthesized  frequency  output  that  tracks 

the  input  frequency.  After  X96 
multiplication,  this  output  is  used 
as  the  first  LO  frequency  in  the 
down -converter.  The  synthesizer  ' 
also  internally  produces  the  500- 
kHz  reference  frequency  output 
for  use  by  the  PRN -ranging 
equipment. 


»)0  M* 

Figure  5-24  Frequency  Synthesizer 


Carrier  2  Demodulator 


The  Carrier  2  (Figure  5-25) 
demodulator  comprises  an  IF 
amplifier,  two  phase  detectors, 
filters,  automatic  search  and 
acquisition  circuits,  and  associ¬ 
ated  circuitry.  The  demodulator 
accepts  the  Carrier  2  baseband 
signal  from  the  reference  receiver 
and  provides  the  high-rate  PCM 
bit  stream  output. 
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Baseband  Separation  Unit  (BSU1 


This  equipment  (Figure  5-26)  comprises  the  filters,  phase  detectors,  and  amplifiers 
that  are  needed  to  separate  the  three  subcarriers  from  the  composite  Carrier  1 

baseband.  After  separating  the  sub¬ 
carriers,  the  BSU  demodulates  the 
analog  data  from  the  1. 25-MHz  sub¬ 
carrier  and  the  PCM  data  from  the 
1. 024-MHz  subcarrier.  The  BSU 
upconverts  the  1.7-MHz  subcarrier 
to  10  MHz  for  processing  by  the  1. 7- 
MHz  demodulator.  BSU  outputs  are 
voice/ analog,  predetection  voice/ 
analog,  low-rate  PCM,  predetection 
low-rate  PCM,  and  the  1. 7-MHz 
subcarrier  upconverted  to  10  MHz. 

Figure  5-26  Baseband  Separation  Unit 


1.7-  MHz  Demodulator 

This  unit  (Figure  5-27)  accepts  a 
10-MHz,  biphase  modulated  signal 
from  the  baseband  separator.  The 
subcarrier  may  be  modulated  either 
by  PCM  or  PAM/FM.  For  PCM, 
the  unit  provides  coherent  signal 
demodulation  and  a  PCM  data- 
stream  output.  For  PAM/FM,  the 
10-MHz  signal  is  throughput  without 
demodulation. 


147 -a  aw 

Figure  5-27  1.7-MHz  Demodulator 
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5.1.4  Digital  Ranging  Equipment  (DRE) 

The  DRE  (Figures  5-28  and  5-29)  comprises  the  acquisition 
assembly,  receiver  and  transmitter  coders,  range  tally  unit, 
readout  register/buffer,  and  internal  simulator.  This  equip¬ 
ment,  in  conjunction  with  the  range  receiver  in  the  GRARE, 
initially  determines  and  continuously  updates  the  range  of 
the  space  vehicle  from  the  station.  Inputs  to  the  DRE  are 
timing,  clock,  and  correlation  voltages  from  the  GRARE; 
data  outputs  to  the  RTS  are  space  vehicle  range  (in  the  form 
of  a  30-bit  binary  word)  and  status  information. 


Power 

Refeience 

Sampler 

Receiver 

r* 


GRARE 


Range  Receiver 


“1 


n 


Doppler 

Frequency 

Converter 


Baseband 

Assembly 

Unit 


Composite 

Signal 


Transmitter 
Exciter  & 
Driver 


PRN 

Code 


Range  Clock 

Code  Clock 

Receiver  Loop 

Transfer  Loop 

Transmitter 
&  Receiver 
Code 

Generators 


Ronge 


A/D 

Converter 


ri 


Figure  6-28 


*'  «MW 

Digital  Ranging  Equipment 


Oscilloscope 


Control 

Panel 


Program 

State 

Control 


Simulator 
Pone  I 


Power 

Monitor 

Panel 


Range 

Tally 

Unit 


Readout  & 

Output 

Registers 


Range  Data 


Readout  Command 


Code 

Acquisition 

Unit 


Reference  Frequency 


{_  DIGITAL_RANGING  EQUIPMENT 

Doppler 

Range  Rote 


Counter-Timer 
Range  Number 
Display 


From 

Station 

Timing 


>T 


I  PPS  A, 


KPPS 


Range  Rote 
Extractor 


Power 

r 

Supplies 

—  —  — 

— 

Range  Rate 

L 

jtrotu' 

Transfer  Switch 
(P  0  Rat 

_ 

?ange  Rate  | 

Console) 

Remote 

Digital 

Terminal 


Figure  5-29  Digital  Ranging  Equipment  Block  Diagram 
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0.1.5  Range-Rate  Equipment 

The  range-rate  equipment  aooepts  output  signals  from  the  reoelving  equipment  and 
referenoe  signals  from  the  transmitting  equipment  and  provides  an  analog  or  doppler 
frequency  output.  This  equipment  comprises  the  doppler  frequency  converter  and 
the  range -rate  extractor. 


Doppler  Frequency  Converter 


The  doppler  frequency  converter  (Figure  5-30)  compares  the  frequency  of  the  re¬ 
ceived  carrier  with  that  of  the  transmitted  carrier  to  produce  an  output  signal  that 
corresponds  with  the  spacecraft  range  rate.  Three  input  signals  are  supplied  to  the 
converter:  (1)  the  transmitter  signal  frequency,  which  is  1/32  of  the  uplink  fre¬ 
quency;  (2)  the  receiver  reference  oscillator  frequency  of  10  MHz;  and  (3)  the 
receiver  voltage-controlled  oscillator  (VCO)  frequency,  which  is  1/32  of  the  first 

LO  frequency  minus  5.625  MHz.  After 
comparing  these  signals,  the  doppler 
frequency  converter  produces  an  output 
signal  (2.20  MHz  plus  or  minus  the 
two-way  doppler  shift)  which  is  routed 
to  the  range-rate  extractor. 

Figure  5-30  Doppler  Frequency  Converter 


Range-Rate  Extractor 

The  range-rate  extractor  (Figure  5-31) 
accepts  the  doppler  output  of  the  dop¬ 
pler  frequency  converter  and,  after 
comparing  it  with  a  transmitter  refer¬ 
ence  signal,  produces  an  output  (a 
24-bit  binary  word)  that  corresponds 
with  the  doppler  shift. 
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Figure  5-32  Telemetry  Equipment  Block  Diegrem 


5.1.6  Telemetry  Equipment 

The  telemetry  equipment  (Figure  5-32),  alBO  called  the  "PCM  Ground  Station," 
converts  the  PCM  bit  streams  from  the  receiver  demodulators  into  telemetry  data 
words  for  computer  use.  The  equipment  comprises  two  PCM  decommutators  and 
a  PCM  simulator  that  is  used  in  test  and  checkout  of  the  subsystem. 

Setup  §nd  configuration  of  the  PCM  equipment  may  be  accomplished  by  one  of  the 
following  means: 

•  Computer  input  from  the  RTS  computer 

•  Punched  paper  tape  via  the  tape  reader  provided  as  part  of  the 
PCM  equipment 

•  Manual  manipulation  of  the  front  panel  controls 
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PCM  Decommutators 

Since  the  two  PCM  decommutators 
are  identical,  only  one  is  described 
here.  This  unit  is  a  stored  program 
device  whose  control  logic  and  circuit¬ 
ry  is  designed  to  extract  the  data  from 
the  incoming  bit  stream,  reconstruct 
this  data  into  parallel  binary  words,  and 
transfer  them  to  the  RTS  computer.  In 
addition,  this  device  converts  selected 
words  (analog  functions)  from  digital  to 
analog,  and  makes  them  available  for 
display  or  recording  by  up  to  20  analog 
devices  (meters,  chart  recorders,  etc.). 
The  PCM  decommutator  can  also  con¬ 
vert  up  to  24  discrete  data  bits  and 
make  them  available  for  driving  a 
status  display. 


The  decommutators  are  arranged  for 
either  single  or  independent  simult¬ 
aneous  operation.  When  both  units  at 
used  simultaneously,  two  PCM  bit 
streams  may  be  processed  at  one  time. 


Figure  5-33  PCM  Decommutator 
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Figure  6-34  PCM  Simulator 


PCM  Simulator 

The  PCM  simulator  is  a  stored  program  device  that  can  generate  either  a  serial 
PCM  signal  with  clock  or  a  parallel  data  word.  The  serial  output  signal  may  include, 
if  desired,  noise,  rate,  jitter,  and  blanking.  The  stored  program  determines  the 
simulator's  processing  format.  The  simulator  provides  outputs  to  the  test  trans¬ 
ponder  (via  the  PCM  COMSEC  equipment)  for  loop  test  and  to  the  PCM  decommuta¬ 
tors  for  maintenance. 
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5. 1 . 7  Control  and  Display  Equipment 

The  control  and  display  equipment  (Figure  5-35)  enables  the  operator  to  oontrol  and 
monitor  certain  SQLS  equipment  from  remote  positions.  The  control  and  display 
equipment  comprises  the  SQLS  SOC  panel,  SGLS  antenna  panel,  loop  teBt  panel, 
TSRE  amplifier  select  panel,  and  the  RDT  status  interface  unit. 

SGLS  SOC  Panel 

The  SGLS  SOC  panel  is  located  in  the  SOC  console.  The  controls  and  displays  on 
this  panel  enable  the  operator  to  activate  the  radiation  warning  system  and  control 
radiation  from  the  10-kW  S-band  transmitter. 

SGLS  Antenna  Panel 

This  panel  is  located  in  the  antenna  control  console  and  contains  a  reference- 
receiver  AGC  meter,  a  signal -present  indicator,  and  a  Carrier  X  phase-lock 
Indicator.  For  subsystems  interfaced  with  the  low-gain  Prelort  antenna,  a  conical- 
scan  AGC  meter  is  also  provided. 

Loop  Test  Panel 

The  loop  test  panel  is  located  in  the  uplink  equipment  rack.  This  panel  contains 
controls  for  starting  and  stopping  the  loop-test  function,  and  a  split-legend  control 
for  selecting  the  ATU-A  output  for  downlink  loop  testing. 

TSRE  Amplifier  Select  Panel 

This  panel  is  located  in  the  data  terminal  A  rack  and  contains  controls  for  selecting 
the  proper  transmitter  and  receiver  combination  in  data  terminals  A  and  B. 

RDT  Status  Interface  Unit 


This  unit  accepts  status  indications  from  the  various  SGLS  equipment  items  in  the 
RF  equipment  area  and  provides  these  indications  to  the  RDT. 
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FIGURE  5-35  CONTROL  &  DISPLAY  EQUIPMENT  (SGLS) 
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5.1.8  Data  Terminal  Equipment 

This  equipment  provides  a  data  link  between  the  RF  and  data  equipment  areas. 
One  terminal  is  located  in  each  area  and  is  equipped  with  data  transceivers  for 
transmitting  to  and  receiving  from  the  other  terminal.  One  of  two  configurations 
is  used,  depending  upon  the  distance  between  the  RF  and  data  equipment  areas. 
Where  the  distance  between  the  RF  and  data  equipment  areas  is  greater  than 
500  feet,  type  1  terminal  is  used,  and  where  the  distance  is  less  than  500  feet, 
type  2  terminal  Is  used. 

The  data  terminal  equipment  (Figures  5-36  and  5-37)  consists  of  two  data  trans¬ 
ceiver  terminals  (labeled  A  and  B)  located  in  the  RF  equipment  area  and  the  data 
equipment  area,  respectively.  The  terminals  are  connected  by  shielded  twisted 
pair  cable.  Collectively,  this  equipment  provides  three  telemetry  channels  and 
eight  command  data  channels  between  the  two  locations. 

Data  Terminal  A 

Type  1  data  terminal  A  comprises  a  command  data  transceiver  that  contains  one 
transmitter  and  two  receivers  for  handling  ternary  digital  data,  as  well  as  two 
wideband  video  transmitters  and  one  wideband  video  receiver  for  handling 
telemetry  data.  Type  2  data  terminal  A  contains  only  the  command  data  trans¬ 
ceiver. 

Data  Terminal  B 

Type  1  data  terminal  B  comprises  a  command  data  tranceiver  that  contains 
two  transmitters  and  one  receiver  for  handling  ternary  digital  data,  as  well  as 
one  wideband  video  transmitter  and  two  wideband  video  receivers  for  handling 
telemetry  data.  Type  2  data  terminal  B  contains  only  the  command  transceiver. 
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5.1.9  Signal  Switching  Equipment 


This  equipment  (Figures  5-38  and  5-39),  also 
called  the  signal  switching  facility  (SSF),  deter¬ 
mines  the  routing  of  signals  (for  recording  and/ 
or  playback)  in  the  data  equipment  area.  The 
SSF  comprises  a  switch  matrix  and  display;  an 
SSF  test  unit,  recorder  fault  detector  display, 
sequential  control,  and  card  reader;  and  a 
signal  conditioning  unit.  The  SSF  capability 
includes  the: 

•  Performing  of  signal  line  switching 
and  interface  matching  for  SGLS 
equipment. 

•  Routing  data  to  external  interfacing 
equipment  or  to  the  recording  equip¬ 
ment. 

•  Directing  of  playback  signals  from 
recorders  to  other  external  equip¬ 
ment. 


Figure  5-38  Signal  Switching  Facility 
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Figure  5-39  Signal  Switching  Facility  Block  Diagram 
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5.1.10  Recording/Pla,t 


This  equipment  (Figures  5-40  and  5-41)  com¬ 
prises  two  AMPEX  FR-1600  magnetic  tape 
recorders  (together  with  their  associated 
record  and  playback  amplifiers,  equalizers, 
and  automatic  sequential  controller)  that 
provide  the  facilities  for  recording  and  play¬ 
back  of  selected  data  received  from  the  space 
vehicle.  Each  recorder  can  record/playback 
on  seven  tracks.  They  are  interconnected 
with  other  equipment  items  via  the  signal 
switching  facility. 
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Figura  5-40  Recording/Playback  Block  Diagram 


Figure  5-41  Ampex  FR1800  Magnetic  Tape  Recorder 
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5.1.11  COMSEC  Equipment 


This  equipment,  comprising  the  command 
COMSEC  equipment  and  the  PCM  COMSEC 
equipment  (Figures  5-42  and  5-43),  provides 
the  facility  for  encrypting  command  data  prior 
to  transmission  and  decrypting  secure  telem¬ 
etry  data  received  from  the  space  vehicle. 
Since  the  equipment  is  classified,  it  is  pic¬ 
tured  in  the  closed  door  condition. 

Command  COMSEC  Equipment 

This  equipment  accepts  as  inputs  plain  com¬ 
mand  data,  encrypted  echo  check  data,  and 
timing.  The  outputs  consist  of  encrypted  com¬ 
mand  data,  decrypted  echo  check  data,  and 
various  status  and  alarm  signals.  Upon  re¬ 
quest  from  the  PCM  equipment,  the  command 
COMSEC  equipment  provides  command  authen¬ 
tication  signals. 


Figure  5~42  COMSEC  Equipment 


Figure  5—43  COMSEC  Equipment  Block  Diagram 
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PCM  COMSEC  Equipment 

This  equipment  accepts  as  inputs  encrypted  PCM  data  and  plain  simulated  PCM 
data.  The  outputs  consist  of  decrypted  PCM  data  and  encrypted  simulated  PCM 
data. 

5.1.12  Integration  and  Checkout  Equipment 

This  equipment  constitutes  the  system  test  equipment  necessary  for  performing 
loop  tests,  performance  tests  and  subsystem  monitoring  during  operational 
missions. 

It  comprises  the  receiver  test  unit  (RTU),  analog  test  unit  A,  analog  test  unit  B, 
and  a  set  of  commercial  test  equipment. 

Receiver  Test  Unit 

For  those  subsystems  interfaced  with  the  high-gain  (TT&C)  antenna,  the  RTU  com-  *• 
prises  an  AIL  355W  Noise  Figure  Test  Set,  a  2-GHz  noise  source  (Figure  5-6), 
and  the  echo  check  and  receiver  test  control  unit  (Figure  5-9)  previously  described 
in  Paragraph  5. 1. 1. 

For  subsystems  interfaced  with  the  low-gain  (Prelort)  antenna,  the  receiver  test 
unit  comprises  a  2-GHz  noise  source  and  a  patch  panel  for  routing  the  output  of 
this  device  (also  described  in  Section  5. 1. 1). 

Analog  Test  Unit  A 

Analog  test  unit  A  (Figure  5-44)  provides 
simulated  voice  and  analog  test  signals  to  the 
baseband  assembly  unit  and  simulated  PAM/FM 
and  voice  or  analog  signals  to  the  test  trans¬ 
ponder  transmitter  during  loop  tests.  It  also 
monitors  the  outputs  of  the  uplink  monitor. 
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Analog  Test  Unit  B 

Analog  test  unit  B  (Figure  5-45)  provides 
on-line  monitoring  of  downlink  analog 
test  signals.  The  unit  monitors  outputs 
from  the  baseband  separation  unit  and 
provides  status  indications  of  the  types 
of  signals  present. 


14t>4)W 

Figur#  5-46  Analog  Ttit  Unit  B 
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Figure  6-46  Test  Transponder  &  Uplink  Monitor 
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5. 1. 13  Teat  Transponder  and  Uplink  Monitor 


The  test  transponder  and  uplink  monitor  ( Figure  5-46)  are  units  arranged  to  monitor 
uplink  oommand  transmission  during  aotual  operation,  and  to  simulate  space  vehicle 
equipment  during  loop  tests. 

Test  Transponder 

This  equipment  (Figure  5-47)  com¬ 
prises  a  receiver,  transmitter,  and  a 
biphase  modulator. 

The  test  transponder  receiver  is  a  dual 
conversion  superheterodyne  receiver. 

A  phase-locked  tracking  loop  acquires 
the  uplink  carrier  and  provides  for 
synchronous  demodulation  of  the  uplink 
frequency-multiplexed  baseband  signal. 

This  unit  also  supplies  a  coherent  RF 
drive  signal,  a  noncoherent  RF  drive  signal,  and  the  recovered  multiplexed  baseband 
to  the  test  transponder  transmitter  for  loop-test  purposes. 

The  test  transponder  transmitter 
(Figure  5-48)  is  used  with  the  test 
transponder  receiver  to  simulate 
vehicle  transponders  in  the  Space 
Ground  Link  Subsystem  (SGLS) ;  it 
can  also  be  used  independently  as 
a  specialized  signal  generator.  It 
accepts  simulated  voice,  analog, 

PCM,  PRN  ranging  signals  and  pro¬ 
vides  an  output  both  a  high-  and  low- 
level  simulated  downlink  test  signal 
in  the  2.  2-  to  2.  3-GHz  frequency 
band.  The  high-level  output  is 
routed  to  the  boresight  horn. 


Figure  6-48  Ten  Transponder  Transmitter 
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For  subsystems  interfaced  with  the  high-gain  (TT&C)  antenna,  the  low-level 
output  is  routed  to  the  vertex  horn  via  the  echo  oheck/receiver  test  central 
unit,  and  for  subsystems  interfaced  with  the  low-gain  (Prelort)  antenna,  the 
low-level  signal  is  inserted  into  the  parametric  amplifier  via  the  receiver 
test  unit. 


The  biphase  modulator  (Figure  5-49) 
receives  the  simulated  PCM  signal 
from  data  terminal  A  and  provides  a 
biphase  modulated  1.7-MHz  output  to 
the  test  transmitter. 


Uplink  Monitor 

This  equipment  (Figure  5-50)  separates 
and  demodulates  the  composite  uplink 
baseband  signals  recovered  by  the  test 
transponder  and  routes  them  to  analog 
test  unit  A  for  monitoring.  It  also  re¬ 
covers  commands  from  the  uplink  base¬ 
band  and  routes  them  to  the  data  equipment 
area  for  command  echo  check. 


Figure  5-50  Uplink  Monitor 
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5.2  EQUIPMENT  ARRANGEMENT 

The  following  paragraphs  In  this  seotion  describe  the  physioal  configuration  of  the 
SGLS  equipment  and  illustrate  the  equipment  arrangement  at  the  remote  tracking 
stations  (RTS).  Pointed  out  is  the  high  degree  of  oommonality  among  the  10 
installations  as  well  as  the  inevitable  differences  caused  by  variations  in  existing 
station  geography  and  the  differing  requirements  for  the  low-gain  (Prelort)  and 
high-gain  (TT&C)  installations. 

Figure  5-51  is  a  conceptual  view  of  a  dual  RTS,  showing  the  general  relationship 
of  the  two  SGLS  ground  stations  to  the  existing  RTS  and  the  range  of  distances 
separating  them. 

To  minimize  installation,  training,  operation  and  maintenance,  and  documentation 
requirements,  the  SGLS  installations  at  the  10  RTS's  were  designed  as  nearly  car¬ 
bon  copies  from  the  standpoint  of  rack  makeup  and  room  arrangment  of  the  SGLS 
equipment.  Certain  multiple  standards  of  rack  makeup  and  equipment  arrangement 
are  created  by  requirements  peculiar  to  the  high-gain  TT&C  antenna  (as  against 
those  of  the  low-gain  Prelort  antenna)  and  by  requirements  peculiar  to  a  compact 
site  where  all  equipment  is  necessarily  close  together  (as  opposed  to  a  scattered 
site  where  the  antenna  may  be  located  miles  from  the  data  processing  area).  The 
results  of  these  multiple  standards  are  illustrated  and  described  in  the  following 
paragraphs . 

A  typical  low-gain  (Prelort)  SGLS  installation  consists  of  22  racks  of  equipment, 
odd-size  units  for  the  transmitter,  and  equipment  items  that  install  in  other  equip¬ 
ment  or  on  the  walls  and  ceilings  of  buildings.  A  typical  high-gain  (TT&C)  SGLS 
installation  is  similar,  with  certain  items  installed  on  the  antenna  instead  of  in 
racks.  The  sequence  of  the  racks  is  the  same  at  all  sites  as  one  proceeds  from 
one  end  of  a  row  of  SGLS  racks  to  the  other. 

5.2.1  Equipment  in  the  RF  Area 

SGLS  equipment  in  the  RF  area  at  stations  equipped  with  the  Prelort  antenna  is 
typically  arranged  as  shown  in  the  floor  plan  (Figure  5-52)  where  the  SGLS  equip¬ 
ment  (shaded)  is  shown  with  other  RTS  equipment. 
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Positions  of  wall-mounted  and  oelllng-mounted  items,  plus  the  heat  exohanger 
outside  the  building,  are  indioated  along  with  racks  and  consoles.  The  SGLS 
antenna  panel  shown  in  the  Prelort  console  has  been  exaggerated  to  identify  it  as 
SGLS. 

The  following  photographs  illustrate  these  equipment  items  and  show  the  palletizing 
that  was  employed  to  simplify  installation  in  the  field. 

Low-power  equipment  racks  are  illustrated  in  Figures  5-53  and  5-54,  and  the  high- 
power  transmitter  equipment  is  shown  in  Figure  5-55. 

The  spectral  filter  for  the  transmitter  mounts  atop  the  transmitter  RF  unit  (Figure 
5-55)  and  the  dlplexer  is  ceiling  mounted.  Both  are  shown  in  Figure  5-56.  The 
RDT  status  interface  unit  and  the  radiation  warning  control  equipment  are  wall 
mounted  (Figure  5-57). 

The  four  control  and  display  panels  are  illustrated  in  Figure  5-58.  The  SOC  panel 
installs  in  the  data  processing  area  and  the  other  three  panels  install  in  the  RF 
equipment  area. 

5.2.2  Equipment  in  the  Data  Processing  Area 

The  equipment  in  the  data  processing  area  is  the  same  type  for  either  a  high-gain 
(TT&C)  or  a  low-gain  (Prelort)  installation.  A  typical  floor  plan,  showing  the 
SGLS  equipment  (shaded)  with  other  RTS  equipment,  is  given  in  Figure  5-59.  Note 
that  a  second  set  of  SGLS  equipment  (not  shaded)  is  included  in  the  floor  plan  as  it 
might  be  arranged  at  a  dual  station. 

The  PCM  equipment,  the  only  five-rack  pallet  in  SGLS,  is  shown  in  Figure  5-60  in 
an  open-door  condition;  the  switching  and  recording  racks  are  shown  in  Figure  5-61. 

The  data  terminal  and  downlink  racks  are  illustrated  in  Figure  5-62. 

Since  the  COMSEC  equipment  items  are  classified,  they  are  illustrated  in  their 
normal  closed-door  condition  in  Figure  5-63. 
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Figure  5-59  Typical  Arrangement  of  Equipment  in  the  Data  Processing  Area 
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5. 2. 3  Equipment  Peculiar  to  the  High-Gain  (TT&C)  Installation 

The  equipment  arrangement  for  a  high-gain  (TT&C)  installation  is  largely  the  same 
as  for  the  low-gain  (Prelort)  illustrated  in  Paragraph  5. 2. 1.  All  equipment  in  the 
data  processing  area  is  the  same  for  both  configurations.  The  floor  plan  for  the 
RF  equipment  area  is  also  the  same  except  that  there  is  no  preamplifier  rack 
(Figure  5-52)  in  a  high-gain  installation.  The  2-GHz  parametric  amplifier  and  the 
GRARE  RF  front  end  (down-converter)  from  the  preamp  rack  are  mounted  on  the 
antenna  to  minimize  S-band  cable  runs.  These  items  are  shown  in  Figure  5-64 
along  with  the  selective  filter  (which  replaces  the  diplexer  used  in  the  low-gain 
configuration),  the  2-GHz  vertex  horn,  and  the  2-GHz  noise  source. 

The  test  transponder  rack  (Figure  5-65)  also  differs  from  that  for  the  low-gain 
configuration  (Figure  5-53):  the  parametric  amplifier  control  panel  is  omitted  and 
a  different  set  of  noise-figure  test  equipment  substituted.  The  parametric  amplifier 
control  panel  (Figure  5-65)  is  mounted  in  an  existing  non-SGLS  rack  at  the  station. 

The  high-gain  (TT&C)  peculiar  transmitting  filter  shown  in  Figure  5-66  (with  wave¬ 
guide)  replaces  the  spectral  filter  used  with  the  low-gain  (Prelort)  configuration. 
This  filter  also  mounts  on  top  of  the  10-kW  transmitter  RF  unit  (Figure  5-55). 

5.2.4  Data  Terminal  Types  1  and  2 

Data  terminal  type  1  (Figures  5-36  and  5-54)  is  used  at  sites  where  the  antenna 
area  is  more  than  500  ft  from  the  data  processing  area.  At  the  more  compact 
sites,  where  some  data  can  be  transmitted  directly  by  cable  line  without  amplifica¬ 
tion,  data  terminal  type  2  is  used.  These  racks  are  the  same  as  type  1  racks, 
except  that  the  three  wideband  video  units  are  omitted  from  the  upper  part  of  the 
rack,  and  are  replaced  with  blank  panels. 

5.2.5  Other  Equipment 

SGLS  equipment  not  included  in  the  foregoing  illustrations  includes  RF  attenuators, 
a  2-GHz  boresight  horn,  a  low-pressure  regulator  for  maintaining  air  pressure  in 
the  waveguide,  and  installation  material,  such  as  waveguides  and  cables. 
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5. 3  TEST  CAPABILITY 

Included  in  the  SOLS  ground  system  are  test  equipment  items  required  for  con¬ 
figuration,  operation,  and  monitoring  of  the  system.  In  addition  to  system  tests, 
the  test  equipment  can  be  used  for  preventive  and  nonscheduled  maintenance. 

The  SOLS  test  equipment  items  are  as  follows : 

e  RF  Sweep  Generator 

•  Spectrum  Analyzer 

•  Test  Transponder  Receiver 

•  Test  Transponder  Transmitter 

•  RF  Power  Meter 

•  Receiver  Noise  Power  Test  Set  (High-Gain  Only) 

•  Analog  Test  Unit  A 

•  Uplink  Monitor 

•  Lcop  Test  Panel 

•  Oscilloscope 

•  Universal  Counter- Timer 

•  PCM  Simulator 

•  Echo  Check/Receiver  Test  Control  Unit  (High-Gain  Only) 

•  Analog  Test  Unit  B 

•  Receiver  Test  Unit  (Low-Gain  Only) 

•  Noise  Generator 

•  COMSEC  Loop  Check  Equipment 

5.  3. 1  System  Checkout 

SGLS  ground  station  checkout  is  performed  with  self-contained  test  equipment  that 
is  used  for  any  system  configuration. 

A  complete  loop  test  configuration  is  used  to  verify  system  performance  character¬ 
istics  and  station  readiness.  Typical  low-gain  and  high-gain  SGLS  ground  systems 
and  associated  RTS  equipment  items  are  shown  in  Figures  5-67  and  5-68,  respec¬ 
tively.  The  primary  difference  between  the  two  configurations  is  the  method  used 
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Figure  5-67  Typical  SGLS  Low-Gain  Configuration 
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In  developing  error  signals  for  antenna  positioning  for  either  a  conical-scan  or 
monopulse  antenna  system.  The  SGLS  system  loop  test  described  herein  is  refer¬ 
enced  to  figures  showing  the  high-gain  system  but  also  applies  to  the  SGLS  system 
using  the  low-gain  antenna. 

System  loop  tests  are  accomplished  with  the  test  transponder  and  analog  test  units. 
The  test  transponder  comprises  a  receiver  and  transmitter  designed  to  simulate 
the  vehicle  receiver,  transmitter,  and  baseband  assembly  unit.  The  test  trans¬ 
ponder  receives  uplink  transmission  on  the  operational  channel,  extracts  the  range 
code,  adds  simulated  PCM  signals,  and  coherently  sends  a  test  signal  to  the  ground 
station  at  the  operational  frequency.  The  downlink  test  signal  contains  the  range 
code,  the  simulated  PCM  signal,  and  test  tones  simulating  the  voice  and  analog 
telemetry  channels.  The  test  tones  are  processed  by  the  ground  station  (in  the 
same  manner  as  spacecraft  signals  are)  to  provide  data  readouts  to  determine 
station  readiness.  The  test  transponder  also  has  provisions  for  power  adjustments 
to  simulate  marginal  link  conditions. 

In  the  high-gain  configuration,  the  simulated  downlink  signals  can  be  transmitted 
from  the  bore  sight  tower  or  the  vertex  horn.  In  the  low -gain  configuration,  test 
signals  may  be  transmitted  from  the  boresight  tower  or  injected  into  the  parametric 
amplifier  or  down-converter  from  the  receiver  test  unit. 

In  addition  to  providing  test  tones  for  all  the  services,  analog  test  units  A  and  B 
evaluate  the  received  test  signals. 

In  the  test  loop  configuration,  the  tracking,  uplink,  and  downlink  functions  of  the 
SGLS  ground  station  can  be  verified.  Details  of  the  testing  of  the  specific  functions 
in  the  loop  test  configuration  are  given  in  the  following  paragraphs. 

Tracking.  Testing  of  the  tracking  and  ranging  functions  is  accomplished  with  the 
test  transponder  transmitter  signal  radiated  from  the  boresight  tower,  as  shown  in 
Figure  5-69.  In  the  coherent  mode  of  operation,  an  attenuated  sample  of  the  uplink 
carrier  from  the  transmitter  power  amplifier  is  fed  into  the  test  transponder  receiver. 
The  test  transponder  receiver  locks  onto  the  uplink  carrier  and  produces  a  coherent 
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VCO  output  that  Is  applied  as  a  coherent  drive  to  the  Carrier  1  modulator  multiplier 
in  the  test  transponder  transmitter.  In  addition  to  the  coherent  mode  of  operation, 
a  front  panel  control  on  the  test  transponder  permits  manual  frequency  adjustment 
of  the  carrier. 

During  system  test,  the  tracking  loop  test  provides  a  method  for  verifying  combined 
antenna  and  SGLS  receiver  tracking  capability  for  acquisition  and  autotracking.  Test 
transponder  power  output  adjustment  is  provided  for  use  in  measuring  system  tracking 
thresholds. 

Ranging  loop  operation  is  also  verified  with  the  same  test  configuration  as  that  used 
for  tracking  test.  The  PRN  range  code  signal  from  the  digital  ranging  equipment  is 
fed  through  the  baseband  assembly  unit  to  modulate  the  uplink  carrier.  Proper 
operation  is  verified  by  a  stable  display  of  the  site-peculiar  octal  range  readout. 

Range  rate  data  is  obtained  from  the  range/range  rate  loop  signal  by  the  range  rate 
extractor  and  proper  operation  verified  by  stable  (zero)  range  rate  display. 

Uplink.  Uplink  test  instrumentation  provides  for  verification  of  the  SGLS  uplink 
during  system  closed  loop  test.  The  test  configuration  and  instrumentation  is  shown 
in  Figure  5-70.  The  spectrum  analyzer  displays  the  uplink  spectrum  for  verification 
of  frequency,  modulation  indices,  and  presence  of  baseband. 

System  closed  loop  testing  of  the  SGLS  uplink  is  accomplished  with  the  test  transponder 
receiver,  analog  test  unit  A,  and  uplink  monitor. 

Test  Transponder  Receiver.  In  the  uplink  loop  test,  the  test  transponder  receiver, 
acting  as  the  monitor  receiver,  demodulates  the  RF  carrier  and  furnishes  the  input 
to  the  uplink  monitor. 

Uplink  Monitor.  The  uplink  monitor  separates  and  demodulates  the  recovered  com¬ 
posite  baseband  from  the  test  transponder  receiver.  The  baseband  signal  consists 
of  a  maximum  of  three  subcarriers  and  a  PRN  ranging  code.  The  possible  sub¬ 
carriers  are:  three  FSK  command  subcarriers,  a  30-kHz  subcarrier  frequency- 

modulated  by  voice,  and  a  1. 25 -MHz  subcarrier  modulated  by  analog  information. 
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The  uplink  monitor  aocepts  the  baseband  signal  from  the  test  transponder,  demul¬ 
tiplexes  the  baseband,  and  demodulates  the  oommand,  voice,  and  analog  data. 

Output  signals  representing  the  command  "1",  "0",  and  "S"  bits,  along  with  the 
sync  signal,  are  sent  via  the  command  data  transceivers  to  the  RTS  command 
subsystem  for  verification.  Output  signals  proprotional  to  the  analog  signal  level, 
the  analog  subcarrier  level,  the  voice  signal  level,  and  the  voice  subcarrier  level 
are  sent  to  analog  test  unit  A  for  monitoring. 

Analog  Test  Unit  A.  Analog  test  unit  A  accepts  signals  that  represent  the  demodu¬ 
lated  uplink  voice  and  analog  test  signals  (and  their  respective  subcarriers)  from 
the  uplink  monitor,  and  provides  GO/NO  GO  information  to  the  status  indicators  on 
the  ATU.  The  unit  also  provides  simulated  voice  (1  kHz)  and  analog  (10  kHz)  signals 
to  the  baseband  assembly  unit  for  uplink  test. 

Downlink.  The  downlink  test  equipment  provides  for  verification  of  the  SGLS  ground 
system  performance  in  a  closed  loop  configuration.  The  system  test  configuration 
is  shown  in  Figure  5-71.  SGLS  ground  station  test  equipment  used  in  the  downlink 
system  loop  test  includes  the  test  transponder,  analog  test  units  A  and  B,  and  PCM 
simulator. 

Test  Transponder  Transmitter.  Two  RF  excitation  driver  signals  and  four  modula¬ 
tion  signals  are  applied  to  the  test  ransponder  transmitter.  The  RF  drive  signals 
are  obtained  from  the  two  channel-selected  voltage-controlled  crystal  oscillators 
in  the  test  transponder  receiver.  One  output  from  the  oscillators  is  applied  to 
Carrier  1  in  the  transmitter  and  the  other,  which  is  5  MHz  lower,  is  applied  to  the 
Carrier  2  channel.  The  four  modulating  signals  are  a  1-kHz  or  10-kHz  simulated 
voice/analog  signal,  a  75-kHz  simulated  PAM/FM  signal,  a  PRN  ranging  code,  and 
either  low-bit-rate  or  high-bit-rate  PCM  data.  The  voice/analog  and  PAM/FM 
signals  originate  in  the  analog  test  unit  A.  The  PRN  ranging  code  is  contained  in 
the  recovered  uplink  baseband  output  signal  from  the  test  transponder  receiver. 

The  simulated  PCM  signal  is  obtained  from  the  PCM  simulator  and  is  fed  either  to 
the  Carrier  1  channel  of  the  test  transponder  transmitter  or  to  the  Carrier  2  channel, 
depending  on  which  carrier  channel  is  programmed  for  test.  In  the  Carrier  1 
channel,  the  simulated  PAM/FM,  simulated  analog,  PRN  ranging  code,  and  simulated 
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PCM  data  are  frequency-division  multiplexed  into  a  composite  baseband  signal  that 
phase  modulates  the  Carrier  1  channel  RF  signal.  Carrier  2  simulated  PCM  data 
directly  biphase  modulates  the  Carrier  2  channel  RF  signal. 

PCM  Simulator.  The  PCM  simulator  generates  digital  signals  from  data  programmed 
into  the  self-contained  memory  for  use  in  testing  data  processing  equipment.  One  of 
seven  PCM  codes  (NRZ-L,  NRZ-M,  NRZ-S,  RZ,  Bi0-L,  Bi0-M>  and  B10-S)  maybe 
selected  from  the  PCM  simulator.  Bit  rates  may  be  programmed  at  a  rate  from  7.  8 
Hz  to  1. 024  MHz. 

The  PCM  simulator  also  includes  circuitry  for  serial  and  parallel  comparison  of  the 
PCM  data  generated  by  the  PCM  simulator  and  the  data  returned  from  the  decommu¬ 
tator.  The  comparator  can  be  programmed  for  serial  or  parallel  loop  test.  A  bit/ 
word  counter  functions  (counting  each  bit  or  word  compared  by  the  serial  or  parallel 
comparator  circuits)  during  the  loop  test,  generates  a  stop  signal  to  the  simulator 
processor  when  a  preset  number  of  comparisons  have  been  made,  and  displays  the 
number  of  errors  detected. 

Analog  Test  Unit  B.  Analog  test  unit  B  provides  a  means  of  (1)  on-line  monitoring 
of  the  analog  test  signals,  and  (2)  handling  of  control  and  status  signals.  The  unit 
provides  GO/NO  GO  status  of  the  demodulated  telemetry  and  voice/analog  test  signals 
from  the  baseband  separation  unit. 

5.3.2  System  Configuration  Checkout 

System  configuration  checkout  verifies  the  system  operation  after  the  operating 
parameters  have  been  reconfigured  to  suit  a  given  mission  profile.  The  checkout 
is  normally  performed  in  conjunction  with  the  turnaround  test  mode  of  operation. 

The  test  is  performed  by  simultaneously  initiating  the  loop  tests  and  monitoring  the 
GO/NO  GO  indicators  and  test  equipment  monitor  points.  Each  command  or  tele¬ 
metry  test  may  be  performed  in  either  the  secure  or  clear  modes  of  operation. 

The  following  services  and  performance  are  verified  during  the  configuration  check¬ 
out: 
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Uplink  Voice/Analog  Loop,  This  loop  verifies  the  proper  operation  of  the  voioe  and 
analog  subcarriers' (S/C’s)  modulation  indioes  and  signal  levels,  and  is  accomplished 
by  application  of  test  modulation  signals  to  the  uplink  carriers.  Proper  operation 
is  indicated  by  the  following  indicators  on  analog  test  unit  A: 

e  UP  VOICE  GO 

e  UP  VOICE  S/C  GO 

e  UP  ANALOG  GO 

e  UP  ANALOG  S/C  GO 

Command  Loop.  In  the  loop  test,  the  uplink  monitor  separates  and  demodulates  the 
command  subcarrier's  portion  of  the  recovered  composite  baseband  from  the  test 
transponder  receiver.  Output  signals  that  represent  the  command  "1",  "0",  and 
"S"  bits,  along  with  the  sync  signal,  are  sent  via  the  command  data  transceivers 
to  the  RTS  data  handling  equipment  for  comparison  with  the  generated  command 
signals  to  verify  proper  uplink  command  transmission. 

Range -Rate  Loop.  The  verification  of  proper  two-way  coherent  operation  and  proper 
extraction  of  range  data  is  indicated  by  stable  (zero)  readout  of  range-rate  data  dur¬ 
ing  the  system  loop  test. 

Ranging  Loop.  Proper  configuration  and  operation  of  the  ranging  system  are  verified 
during  the  system  loop  test.  Verification  and  calibration  are  readily  indicated  by  a 
site-peculiar  octal  data  readout. 

Downlink  Voice  and  Analog  Telemetry.  Operation  of  the  voice/analog  and 
analog  telemetry  demodulators  is  verified  by  appropriate  modulation  of  the  down¬ 
link  carrier.  Proper  operation  is  indicated  by  detecting  the  output  signals  from  the 
baseband  separation  unit  and  activating  the  following  indicators  on  analog  test  unit  B: 

•  DOWN  ANALOG  GO 

•  ANALOG  TLM  GO 

•  BASEBAND  SEPARATOR  READY 
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Additional  verification  of  downlink  equipment  readiness  is  made  by  measuring  the 
system  noise  figure.  The  noise  souroe  looated  in  the  reoeiver  test  unit  inserts  a 
known  amount  of  noise  into  the  parametrlo  amplifier.  The  increase  in  reoeiver 
noise  output  as  observed  with  the  RF  power  meter  or  noise  figure  meter  provides 
an  indication  of  the  overall  system  performance. 

PCM  Bit  Comparison,  Proper  operation  of  each  downlink  PCM  channel  is  verified 
by  means  of  a  bit-by-bit  comparison  of  the  PCM  input  data  with  demodulated  data. 
Indication  of  proper  operation  is  given  on  the  PCM  equipment  front  panel. 

Antenna  Tracking  Tests.  Proper  operation  of  the  antenna  tracking  system  in  the 
SGLS  ground  system  configuration  is  verified  in  the  boresight  loop  test.  Functions 
verified  during  antenna  tracking  tests  are  as  follows: 

•  Acquisition 

•  Dynamic  range 

•  Autotrack 

•  Error  gradients 

It  should  be  noted  that  all  command  and  telemetry  tests  can  be  performed  in  either 
the  secure  or  clear  modes  of  operation. 
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SECTION  6 

RELIABILITY  AND  MAINTAINABILITY 

Early  analyses  (Reference  1)  of  me  on -time -between  failure  (MTBF)  and  menn- 
tlme-to-repair  (MTTR)  indicated  an  estimated  system  point  availability  of  0. 995929 
based  on  a  functional  MTBF  of  117.3  hours  and  a  functional  MTTR  of  28.8  minutes. 
The  MTBF  estimates  were  at  variance  with  the  initial  system  requirement 
(Reference  2),  which  specified  an  overall  point  availability  of  not  less  than  0.  9980 
(the  MTTR  of  28.8  minutes  was  within  the  specified  30  minutes). 

These  early  predictions  were,  however,  based  on  preliminary  data  and  were  up¬ 
dated  in  subsequent  publications  (References  3,  4,  and  5)  as  more  accurate  data 
became  available.  The  following  analysis  utilizes  final  MTBF  and  MTTR  data 
obtained  from  cognizant  government  agencies  and  equipment  contractors  (Refer¬ 
ence  6). 

6.1  RELIABILITY  ANALYSIS 

The  SGLS  equipment  items  and  their  associated  MTBF's  are  listed  in  Table  6-1. 
Low-gain  and  high-gain  MTBF  data  are  shown  for  two  cases: 

•  Case  1  (Functional  Equipment  Prediction)  includes  only  SGLS  equip¬ 
ment  that  is  required  for  operations  (excluding  checkout  and  similar 
equipment  items  not  essential  for  pass  support). 

•  Case  2  (Total  Equipment  Prediction)  includes  all  SGLS  equipment 
regardless  of  function  or  usage. 

Differences  indicated  between  the  low-gain  and  high-gain  configurations  are 
negligible. 
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TABLE  6-1 

SOLS  EQUIPMENT  MEAN-TIME-BETWEEN-FAILURES  (MTBF) 


MTBF 


Low-Gain  Configuration 

High-Gain  Configuration 

Equipment 

Case  1 

Functional 

Equipment 

Prediction 

(Hours) 

Case  2 

Total 

Equipment 

Prediction 

(Hours) 

Case  1 

Functional 

Equipment 

Prediction 

(Hours) 

Case  2 

Total 

Equipment 

Prediction 

(Hours) 

Signal  Switching  Facility 

0,033 

1,59.1 

6,033 

1,591 

Doppler  Frequency  Converter 

74 , 996 

74,996 

74 , 996 

74,996 

Carrier  2  Demodulator 

23, 186 

21,724 

23,186 

21,724 

Diplexer 

200,000 

200,000 

N/A 

N/A 

Terminal  Sending  and  Receiving 

1,726 

1,726 

1,726 

1,726 

Integration  and  Checkout 

2,052 

712 

2,052 

712 

Baseband  Separation  Unit 

9,179 

9,179 

9,179 

9,179 

Baseband  Assembly  Unit 

4,878 

4,827 

4,878 

4,827 

Transmitter  Exciter 

3,748 

3,474 

3,748 

3,474 

Digital  Ranging  Equipment 

2,783 

1,257 

2,783 

1,257 

Test  Transponder 

5,059 

5,059 

5,059 

5,059 

Parametric  Preamplifier  (Klystron) 

11,535 

9,315 

11,315 

9,315 

Receiver  (GRARE) 

4,276 

2,908 

4,276 

2,908 

Selective  Fiiter 

N/A 

N/A 

500,000 

500,000 

Range  Rate  Extractor 

6,454 

6,099 

6,454 

6,099 

Wideband  Transmitter 

4,398 

2,194 

4,398 

2,194 

.  Uplink  Monitor 

8,493 

8,237 

8,493 

8,237 

PCM  Ground  Station  (  2  each  ) 

310 

218 

310 

218 

PCM  Simulator 

1,315 

780 

1,315 

780 

Tape  Recorder  (  2  each  ) 

638 

403 

638 

403 

Radiation  Alarm  System 

16,180 

16,180 

16,180 

16,180 

CCN's  and  ECP’s  (Installed 
Modifications) 

9,709 

9,709 

10, 144 

10,144 

Total  MTBF  (Hours) 

112 

72 

113 

72 
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The  functional  equipment  prediction  (Case  1)  Is  of  primary  conoern,  however. 

By  taking  the  MTBF  for  the  low-gain  configuration  as  worst -case  (i.e, ,  112  hours 
versus  113  hours  for  the  high-gain  configuration)  and  allowing  a  5%  margin  for 
near-term  subsequent  equipment  modifications!  a  figure  of  105  hours  is  obtained 
as  the  functional  SOLS  MTBF. 

The  analysis  of  SOLS  reliability  also  considered  the  subsets  of  equipment 
required  to  perform  each  of  the  primary  operational  functions  listed  below: 

•  Tracking  Support:  Includes  signal  acquisition,  range  and  range- 
rate  measurement,  and  automatic  angle  tracking 

•  Uplink  Support;  includes  transmission  of  commands,  voice,  and 
range  data  to  the  vehicle 

•  Downlink  Support:  includes  vehicle -to -ground  PCM  telemetry 
and  analog  services 

Except  for  the  antenna  subsystems  and  certain  communication  equipment,  RTS 
equipment  items  that  interface  with  SGLS  (e.g. ,  timing,  data  handling,  etc.)  are 
excluded.  The  matrix  for  the  high-gain  configuration  (Table  6-2)  and  the  matrix 
for  the  low-gain  configuration  (Table  6-3)  show  the  equipment  items  required 
for  each  function,  associated  failure  rates,  and  predicted  MTTR.  Failure  rates 
(X)  are  the  number  of  failures  in  10  hours. 

Non-SGLS  equipment  items  are  indicated  by  an  asterisk.  MTTR's  are  in 
minutes.  Paragraph  6.2  discusses  the  MTTR's  in  greater  detail. 

The  resulting  MTTR's  for  each  function  are  summarized  in  Tables  6-4  and  6-5  for 
the  two  antenna  configurations.  Two  values  of  MTBF  are  given.  Values  under 
"Functional  Equipment  Total"  include  the  contribution  of  the  antenna  subsystems 
and  the  communication  equipment;  values  under  "Functional  Equipment  SGIS 
Only"  do  not.  As  before,  only  equipment  essential  to  the  indicated  operational 
functions  is  considered.  All  equipment  items  are  considered  in  series  such  that 
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TABLE  (i-2 


MATRIX  OK  EQUIPMENT  REQUIRED  FOR  OPERATIONAL  FUNCTIONS 
(inOH-CiAIN  CONFIGURATION) 


Function 


Reflector  and  Pedestal* 

Servos* 

Meet  1  vc  Filter 

Pitramclrle  Preamplifier  (Klystron) 
Reference  Receiver  (ORARE) 

Receiver  Teat  Unit 
Boresight  Antennu* 

Wldelmnd  Transmitter 
Transmitter  Exciter- Driver 
limitation  Warning  System 
Baseband  Assembly  Unit 
Digital  Ranging  Equipment 
RI)T  Transfer  Switch* 

Doppler  Frequency  Converter 

Rungc  Hate  Extractor 

Frequency  Synthesizer 

Carrier  2  Demodulator 

Terminal  Sending  and  Receiving 

Signal  Switching  Facility 

Baseband  Separation  Unit 

l.  7 -MHz  PCM  Demodulator 

Tape  Recorders  1  and  2  (Record  Mode) 

PCM  Ground  Station  (2  each) 

Test  Transponder 
Analog  Test  Unit  "A" 

Uplink  Monitor 
Communications  Networks* 
dc  Power  Supplies 
dc  Power  Supplies 
ac  Power  Panels 
Blowers 

Connector  Panels 

Interim  Control  and  Display 

CCN’s  and  FCP's  (Installed  Modifications) 


•Non-HGI.S  Equipment 
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tabi.e  n-:i 

MAT IUX  OF  EQUIPMENT  REQUIRED  FOR  OPKRATIONAI.  FUNCTIONS 
(I.OW-GAIN  CONFIGURATION) 


Equipment 

Function 

Predicted 

MTTR 

In 

Minutes 

Tracking 

■& 

u 

u. 

£ 

I 

I’  allure 

Rato  (X) 

Per 

lO1*  Hours 

Prelort  Reflector* 

• 

• 

• 

Nutating  Scunner* 

• 

• 

• 

349.8? 

no 

llntury  Joints  ami  Slip  Rings* 

• 

• 

• 

Prolort/HGLS  Waveguide  Switch'' 

• 

• 

• 

Dlplexcr 

• 

• 

• 

5.00 

75 

Parametric  Preamplifier  (Klystron) 

• 

• 

80.  fit) 

45 

Reference  Recolver  (GRARK) 

• 

• 

HR. 31 

13 

Receiver  Test  Unit 

• 

• 

73. 19 

22 

Roreslght  Antenna* 

• 

• 

23,  00 

00 

Wideband  Transmitter 

• 

• 

• 

227. 10 

37 

Transmitter  Exciter-Driver 

• 

• 

• 

287.85 

25 

Radiation  Warning  System 

• 

• 

• 

24.82 

45 

Baseband  Assembly  Unit 

• 

• 

207.  17 

22 

Digital  Ranging  Equipment 

• 

• 

389.20 

23 

RDT  Transfer  Switch 

• 

• 

• 

24.07 

00 

Doppler  Frequency  Converter 

• 

13.33 

20 

Range  Hate  Extractor 

• 

103.90 

23 

Frequency  Synthesizer 

• 

• 

98.84 

30 

Carrier  2  Demodulator 

• 

43. 13 

22 

Terminal  Sending  and  Receiving 

• 

• 

4.32.  02 

15 

Signal  Switching  Facility 

• 

• 

105.25 

28 

Baseband  Separation  Unit 

• 

74.58 

30 

1.7 -MHz  PCM  Demodulator 

• 

34.38 

57 

Tape  Recorder  1  and  2 

• 

• 

1507.39 

30 

PCM  Ground  Station  (2  each) 

• 

3221.38 

30 

Prelort  Servo* 

• 

• 

• 

1089.00 

00 

Communications  Networks* 

• 

• 

• 

182.80 

30 

Test  Transponder 

• 

• 

185.23 

25 

Analog  Test  Unit  "A" 

• 

• 

40,33 

34 

Uplink  Monitor 

• 

117.74 

28 

dc  Power  Supplies 

• 

• 

• 

214.94 

24 

dc  Power  Supplies 

* 

150. 10 

24 

ac  Power  Panels 

• 

• 

• 

49.  (V» 

24 

Blowers 

• 

• 

• 

44.32 

24 

Connector  Panels 

• 

• 

• 

3.3.  35 

22 

Interim  Control  &  Display 

• 

• 

• 

33.04 

00 

CCN's  and  ECP's  (Installed  Modifications) 

• 

• 

• 

9.  75 

45 

'  Non-SGLS  Equipment 
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TABLE  6-4 

MEAN-TIME-BETWEEN-FAILURES  (MTBF)  FOR  SGLS  FUNCTIONS 
(HIGH-GAIN  CONFIGURATION) 


Operational 

Function 

MTBF  (Hours) 

Functional  Equipment 

Total 

Functional  Equipment 
SGLS  Only 

Tracking  Support 

284 

535 

Uplink  Support 

177 

248 

Downlink  Support 

108 

131 

TABLE  6-5 

MEAN-TIME-BETWEEN-FAILURES  (MTBF)  FOR  SGLS  FUNCTIONS 
(LOW-GAIN  CONFIGURATION) 


Operational 

Function 

MTBF  (Hours) 

Functional  Equipment 

Total 

Functional  Equipment 
SGLS  Only 

Tracking  Support 

275 

526 

Uplink  Support 

174 

247 

Downlink  Support 

104 

127 
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*total  *  *1  +  *2  *  '  *  •  \  *  Further,  failure  rates  used  assume  that  all  parts 
having  an  Identifiable  wear-out  mechanism  will  be  replaoed  prior  to  failure. 

6.2  MAINTAINABILITY  ANALYSIS 

The  maintenance  ooncept  at  the  RTS  provides  for  three  levels  of  maintenance: 

•  Organization  Maintenance;  performed  directly  on  equipment  in 
its  operational  configuration  and  setting. 

•  Field  Maintenance:  performed  on  line-replaceable  units  (LRU's) 
removed  from  the  operational  configuration  for  repair  in  a  shop 
at,  or  near,  the  using  location.  (Such  shops  are  assumed  to  have 
the  necessary  test,  maintenance,  and  support  equipment  and 
material.  Field-level  resources  may  be  used  to  restore  equipment 
to  its  operational  configuration  when  such  restoration  exceeds  the 
capabilities  of  organizational  resources.) 

•  Depot  Maintenance:  used  when  special  skills,  processes,  or 
equipment  are  not  available  at  the  using  location. 

In  the  analysis  that  follows,  only  organizational  maintenance  is  considered.  No 
attempt  has  been  made  to  assess  field  or  depot  maintenance. 

6.2.1  Maintenance  Assumptions 

The  design  of  the  equipment  limits  most  operational  maintenance  to  fault  detection, 
localization,  isolation,  correction,  and  verification.  These  actions  are  accom¬ 
plished  as  follows: 

•  Detection:  primarily  by  monitoring  prime  equipment  displays 
and  indicators. 
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•  Isolation;  by  using  displays  and  indicators  and  rack-mounted  or 
portable  test  equipment. 

•  Correction;  by  adjusting  or  removing  and  replacing  an  LRU. 

•  Verification;  by  determining  that  displays  and  indicators  have  been 
returned  to  normal  operating  status. 

In  assessing  corrective  maintenance  downtime,  the  following  assumptions  were 

made; 

•  Distribution  of  estimated  repair  times  is  log-normal. 

•  Required  tools,  test  equipment,  and  documentation  are 
available. 

•  Replacement  modules  and  components  (LRU's)  are  readily 
available. 

•  Repair  time  estimates  exclude  logistics  and  administration 
time. 

•  Organization-level  maintenance  requires  only  two  men  of  AFSC 
"5"  skill  level  per  maintenance  action. 

•  Maintenance  personnel  have  attended  an  equipment -specific 
training  course  and  are  fully  qualified  to  maintain  the  equipment. 

6.2.2  Maintainability  Prediction 

The  prediction  technique  used  in  the  analysis  is  a  variation  of  Method  IV  in 

MIL-HDBK-472,  "Maintainability  Prediction,"  24  May  1966  (Reference  7). 

Briefly  the  steps  involved  are; 
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•  Identify  the  equipment  and  assembly  level  for  which  assessments 
are  to  be  developed  (i.e. ,  module  or  piecepart). 

•  Determine  categories  of  LRU's  within  the  equipment. 

•  Identify  the  failure  rates  (X)  or  service  frequencies  of  these  items. 
(Failure  rates  were  obtained  from  the  reliability  analysis  detailed 
in  this  report. ) 

•  Predict  the  time  required  to  perform  each  step  in  the  required 
sequence  of  maintenance  actions. 

•  Accumulate  per-item  maintenance  times  and  compute  the  MTTR. 

The  corrective  maintenance  downtimes  (Mc(.)  and  failure  rates  (X)  for  the 
individual  SGLS  equipments  are  listed  in  Table  6-6.  The  functional  MTTR  for  the 
total  collection  of  SGLS  equipment  items  is  related  to  the  corrective  maintenance 
downtime  and  failure  rate  as  follows: 


MTTR  = 

where 

N  =  number  of  individual  equipments 

ii.  n 

Xj  *  failure  rate  of  the  i  n  equipment  in  failures  per  10  hours 

th 

Mi  ct  =  corrective  maintenance  repair  time  of  the  i  equipment 
MTTR  =  mean-time-to-repair  for  all  equipment  items 


N 

V  X.M.  . 
i  ict 

1=1 _ 

N 


I*. 


i=l 
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TABLE  6-6 

SGLS  EQUIPMENT  CORRECTIVE  MAINTENANCE  DOWNTIME  (Mct) 

AND  FAILURE  RATES  (\) 


Equipment 

M  , 

ct 

(Minutes) 

Failure  Rate  (\) 
Per  106  Hours 

Signal  Switching  Facility 

28 

165.76 

Doppler  Frequency  Converter 

20 

13.38 

Carrier  2  Demodulator 

22 

43. 13 

Diplexer 

75 

5.  00 

Terminal  Sending  &  Receiving 

15 

579. 17 

Integration  &  Checkout 

26 

487.33 

Baseband  Separation  Unit 

36 

74.57 

Baseband  Assembly  Unit 

22 

204.99 

Transmitter  Exciter 

25 

266.43 

Digital  Ranging  Equipment 

23 

359.32 

Test  Transponder 

25 

197.65 

Parametric  Preamplifier  (Klystron) 

45 

86.69 

Receiver  (GRARE) 

13 

233.86 

Selective  Filter 

90 

2.  00 

Range  Rate  Extractor 

23 

152.  94 

Wideband  Transmitter 

37 

227.38 

Uplink  Monitor 

28 

117.74 

PCM  Ground  Station  (2  Each) 

30 

3221.36 

PCM  Simulator 

30 

760.  46 

Tape  Recorder  (2  Each) 

30 

1567.39 

Radiation  Alarm  System 

45 

24.82 

CCN's  and  EC  P’s  (Installed 

Modifications) 

45 

103.  04 

PHILCO 


6-10 


WDL  Division 


WDL-TR3227-1 
Volume  I,  Part  1 

For  the  SGLS  equipment  items  listed  in  Table  6-6,  the  functional  MTTR  is  27.7 
minutes,  which  compares  favorably  with  the  required  MTTR  of  30.0  minutes. 

The  MTTR  was  also  computed  for  each  operational  function.  Subsets  of  equip¬ 
ment  items  used  and  the  associated  individual  MTTR's  are  listed  in  Table  6-2  for 
the  high-gain  configuration  and  in  Table  6-3  for  the  low-gain  configuration. 

Results  for  the  high-gain  configuration  are  shown  in  Table  6-7.  As  in  the  analysis 
of  reliability,  the  functional  MTTR  was  computed  including  both  SGLS  and  non- 
SG LS  equipment  items.  These  values  are  listed  in  Table  6-7  under  "Functional 
Equipment  Total."  Entries  under  "Functional  Equipment  SGLS  Only"  do  not 
include  MTTR's  for  non-SGLS  equipment  items.  Asterisks  in  Table  6-2  identify 
these  non-SGLS  equipment  items. 

Table  6-8  shows  MTTR's  for  the  low -gain  configuration. 

✓ 

As  indicated  in  the  tables,  the  SGLS  equipment  items  have  an  MTTR  ranging 
between  27. 1  and  29. 3  minutes  depending  on  the  operational  function.  When 
utilized  with  non-SGLS  equipment  items,  the  MTTR  ranges  between  33.  8  and  44.  2 
minutes. 

6.3  POINT  AVAILABILITY 

For  an  MTBF  of  105  hours  and  an  MTTR  of  0.  5  hour,  the  associated  overall  point 
availability  is 

MTBF 

Point  availability  =  mtbf  +  MTTR  =  0,9953 

As  noted  previously,  an  approximate  5%  degradation  is  included  in  the  functional 
MTBF  of  105  hours  to  accommodate  future  equipment  modifications.  The  analysis 
indicates  that  the  equipment  will  satisfy  the  required  MTTR  of  30.0  minutes. 
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TABLE  0-7 


MEAN -TIME -TO-RE  PAIR  (MTTR)  FOR  SGLS  FUNCTIONS 
(HIGII-GAIN  CONFIGURATION) 


.Operational 

Function 

MTTR  (Minutes) 

Functional  Equipment 

Total 

Functional  Equipment 

SGLS  Only 

Tracking  Support 

42. 1 

28.  0 

Uplink  Support 

36.  1 

27.1 

Downlink  Support 

33.  8 

28.5 

TABLE  0-8 


MEAN-TIME-TO-REPAIR  (MTTR)  FOR  SGLS  FUNCTIONS 
(LOW-GAIN  CONFIGURATION) 


Operational 

Function 

MTTR  (Minutes) 

Functional  Equipment 

Total 

Functional  Equipment 

SGLS  Only 

Tracking  Support 

44.2 

27.7 

Uplink  Support 

37.5 

27.2 

Downlink  Support 

35.2 

29.3 
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SECTION  7 

R  E  COM.MEN  DATIONS 

While  the  current  system  meets  its  design  objectives,  there  are  several  areas 
where  a  significant  increase  in  capability  can  be  realized  through  additional 
development.  The  most  significant  of  these  is  in  the  automation  of  the  control/ 
display  and  signal  acquisition  functions.  In  these  and  other  areas  noted  in  the 
following  paragraphs,  it  is  recommended  that  further  development.be  initiated. 

7. 1  CONTROL  AND  DISPLAY 

In  the  current  SOLS  installation  at  the  RTS,  controls  and  the  associated  displays 
are  located  primarily  at  the  equipment  racks.  SGLS  design,  however,  includes  a 
provision  for  control  from  a  remote  location.  The  automation  of  these  control 
functions  has  been  investigated  and  a  design  approach  developed  utilizing  a  Univac 
1230  mTc  computer  complex.  The  technique  employed  and  the  interface  equip¬ 
ment  required  are  discussed  in  some  detail  in  SGLS  Control  Equipment,  WDL- 
TR3394,  10  November  1967. 

7.  2  SIGNAL  ACQUISITION 

In  the  SCF  environment,  further  development  to  automate  the  signal  acquisition 
function  is  also  highly  desirable.  The  principal  objective  of  this  automation  should 
be  to  minimize  the  time  to  acquire. 

Detailed  analyses  of  this  problem*  have  resulted  in  a  design  approach  described 
in  WDL-TR3538,  Study  Report,  Main  Beam  Acquisition  at  2  GHz  for  60-Foot  TT&C 
Antennas ,  29  March  1968, 


SCF  Spatial  Acquisition  Study,  Volumes  I,  II,  III,  WDL-TR2904A,  15  July  1966. 
Analysis  of  60-Foot  Antenna  S-Band  Acquisition  Problem.  WDL-TR3222,  20  April 
1967. 
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7. 3  OTHER  RECOMMENDED  DEVELOPMENTS 
7.3.1  Test  Transponder  Improvements 

The  following  recommendations  related  to  general  performance  of  the  test  trans¬ 
ponder  will  improve  operation  during  a  quick  turnaround  and  resolve  known  prob¬ 
lems  and  limitations  existing  within  the  transponder: 

•  Relocate  Internal  subcarrier  switches  from  modules  to  a  panel. 

e  Evaluate  the  transponder  transmitter  RF  power  metering  oircuitry 
and  replace  it  if  warranted. 

e  Replace  the  flexible  coupling  on  the  attenuator  with  a  solid  coupling. 
Add  a  movable  front  panel  index. 

e  Add  coax  switching  and  terminations  to  ensure  that  all  TTT  RF  outputs 
are  terminated  when  not  in  use. 

•  Modify  the  1. 7-MHz  FM/FM  VCO  to  be  compatible  with  a  true 
simulated  FM/FM  signal. 

•  Correct  the  signal  interface  between  the  DYNAIR  and  the  video 
receiver  for  simulated  PCM. 

•  Add  the  capability  to  insert  PRN  or  similar’  modulation  on  Carrier  1 
from  the  transponder  front  panel.  The  present  system  requires  the 
entire  uplink. 
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7.3.2  System  Reliability  Improvements 

The  following  recommendations  will  further  improve  the  availability  of  SGLS: 

•  Reevaluate  the  do  power  distribution  scheme  used  in  SGLS  and 
provide  redundant  power  supplies. 

•  Add  protective  fuses  to  eaoh  major  PCM  drawer,  rather  than  the 
rack-level  fusing  now  used. 

•  Add  protective  insulation  or  redesign  to  eliminate  potential  short 
circuits  in  logic  cards. 

7.3.3  System  Alignment/Adi ustment  Improvements 

As  a  result  of  SGLS  testing,  the  following  recommendations  are  made  to  improve 

system  alignment  and  adjustment: 

•  Modify  the  1-kHz  adjustment  at  ATU-A  so  that  the  adjustment  is 
less  sensitive. 

•  Add  an  error-gradient  adjustment  to  the  GRARE  for  conical- 
scan  operation. 

•  Add  a  fixed  analog  output  at  COMSEC  voltage  levels  to  the  PCM 
simulator. 

•  Modify  BSU/ATU-B  1.  7-MHz  interface  for  status  monitoring. 
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7.3.4  Test  Equipment  Upgrading 

To  effectively  align,  calibrate,  and  maintain  the  tracking  station  SQIfS  equipment, 
additional  test  equipment  capabilities  should  be  provided.  The  following  measures 
should  be  taken: 

•  Add  a  SOLS -compatible  noise  f.gure  test  set  to  low-gain  sites  (similar 
to  that  used  for  high-gain  sites). 

e  Add  test  equipment  such  as  oscilloscopes,  VTVM's  and  signal  gener¬ 
ators  to  data  area  racks. 

•  Complete  implementation  of  the  RF  test -point  panel  located  between 
the  transmitter  exciter  and  driver. 

e  Provide  a  boresight  tower-mounted  range  calibration  unit. 

7.3.5  Tape  Playback  Improvements 

Due  to  flutter  performance  of  the  FR-1600  type  recorders,  the  present  system  is  un¬ 
able  to  process  1. 024-  and  1.7-MHz  subcarrier  with  PCM  and  composite  Carrier  1 
baseband  during  tape  playback.  This  should  be  corrected  to  enable  utilization  of 
this  system  feature. 

7.3.6  PCM  Demodulator  Improvements 

Limitations  of  the  built -to-print  baseband  separation  unit  and  Carrier  2  demodu¬ 
lators  cause  degradations  in  the  expected  performance  of  the  system  in  handling 
PCM  data.  Redesign  and/or  modification  of  these  units  would  improve  this  per¬ 
formance  by  at  least  1  to  2  dB. 
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7.3.7  Automation  ol'  tho  Digital  Ranging  Equipment 

The  present  ranging  process  is  heavily  dependent  upon  operator  actions  and 
decisions.  The  following  chnngos  will  optimize  the  ranging  process  and  eliminate 
tho  need  for  operator  intervention: 

•  Automatic  normalization  of  correlation  voltage  by  adding  AGC 
to  the  GRARE  code  clock  loop. 

v 

•  Automatic  setting  of  the  DRE  integration  number  as  a  function  of 
S/N  ratio. 

•  Automatic  reset  and  start  of  the  DRE. 

7.3.8  Signal  Switching  Facility  Improvements 

More  efficient  use  of  the  SSF  can  be  realized  through  the  following  measures: 

•  Relocate  the  recorder  fault-isolation  equipment  to  the  SGLS/non-SGLS 
rack,  thereby  making  additional  SSF  switching  capability  available  for 
future  program  requirements. 

•  Convert  SSF  indicator  panel  to  a  switch/indicator  panel. 

•  Use  tho  card  reader  to  configure  non-SSF  functions  such  as  the 
T-7  mode  switch,  and  the  Carrier  1  record/playback  switch. 

7.3.9  Terminal  Send/Receive  Equipment  Improvements 

The  design  of  the  terminal  send/receive  equipment  should  be  modified  to  provide 
for  simple  detection  of  performance  degradation.  The  following  improvements  are 
recommended: 
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•  Implement  a  real-time  performance  monitoring  capability 
into  the  video  equipment  items,  such  as  a  pilot  tone  and 
detector. 

•  Add  external  test  points  to  data  terminals  A  and  B. 

7.3.10  PCM  Ground  Station  Improvements 

The  following  measures  will  improve  operability  and  maintainability  of  the  PCM 
ground  station: 

..  •  Add  a  front -panel  main-frame  synchronization  point  to  the  PCM 
simulator  and  each  decommutator. 

•  Replace  pushbutton  switches  on  PCM  equipment  with  more 
reliable  types,  including  both  the  technical  control  equipment 
and  illuminated  types  on  the  bit  synchronizer. 

7.3.11  Second  PCM  Bit-Stream  Simulate  Capability 

The  present  system  cannot  simulate  a  full  service  SGLS  downlink  signal,  since  only 
one  PCM  bit  stream  can  be  simulated  at  a  time.  A  more  realistic  checkout  can  be 
accomplished  by  providing  a  second  PCM  bit  stream  as  follows: 

•  Modify  the  timing  terminal  unit  to  accept  a  second  PCM  bit  stream. 

•  Augment  the  data  transmission  equipment  to  handle  the  second  bit 
stream. 

•  Add  a  second  PCM  simulator,  or 

•  Use  the  existing  FR-1600  recorders  as  a  source. 
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7.3.12  Command  Loop  Improvements 

A  number  of  recommendations  associated  with  SGLS  handling  of  command  data 
have  been  determined  during  the  test  program.  Those  are: 

•  Modify  the  data  transceiver  interface  circuitry  to  be  more  nearly 
compatible  with  the  DCBSU  and  the  CCSU  for  echo  check. 

•  Modify  the  command  echo  check  loop  to  eliminate  false  echo 
errors  at  high  command  rates. 

•  Provide  a  command  source  simulator/echo  check  comparator  to 
make  loop  checks  without  RTS  data  area  equipment. 

7.3.13  GRARE  Improvements 

The  operational  flexibility  and  use  of  the  GRARE  can  be  improved  by  implementing 
the  following  measures: 

•  Modify  GRARE  phase/amplitude  circuitry  to  allow  switching  from 
wideband  to  phaselock  without  readjusting  phase  relationships. 

•  Evaluate  the  possibility  of  expanded  use  of  SGLS  wideband  capability. 

As  an  example,  processing  of  Carrier  1  data  via  the  3.  0-MHz  wide¬ 
band  phase  detector  in  the  event  GRARE  phaselock  equipment 
failure  provides  backup  facilities  without  increasing  equipment 
redundancy. 

•  Increase  sensitivity  oi'  the  coherent  demodulator. 
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APPENDIX  A 

COMMAND  LINK  ANALYSIS 


A.  1  INTRODUCTION  / 

A.  1. 1  Purpose 

This  analysis  optimizes  the  command  link  performance  through  selection  of  an 
appropriate  relative  delay  between  the  zero  crossings  of  the  synchronizing  signal 
and  the  leading  edge  of  the  command  data  bits  and  evaluates  the  possibility  of 
establishing  a  fixed  value  for  the  nominal  delay  contributed  by  the  ground  station. 

To  minimize  the  digital  error  rate  in  the  presence  of  disturbances  such  as  noise, 
the  command  data  pulses  should  be  sampled  at  a  time  when  the  pulse  amplitude 
reaches  a  maximum  value.  In  the  SOLS  system,  the  sampling  pulse  is  derived 
from  a  synchronizing  signal  that  is  amplitude  modulated  onto  the  carrier  that 
contains  the  data  pulses  in  the  form  of  frequency-shift  keyed  (FSK)  modulation. 

The  phase  of  the  synchronizing  signal  must  be  selected  such  that  its  zero  crossings, 
which  generate  the  sampling  pulses,  are  coincident  with  the  maximum  value  of  the 
data  pulses.  This,  in  turn,  is  a  function  of  the  response  of  the  filter  networks  in 
the  vehicle. 


A.  1.  2  Scope 


The  command  system  may  be  used  in  any  of  several  options;  at  low,  medium,  or 
high  baud  rates.  The  vehicle  equipment  design  is  tailored  to  support  each  of  these 
options,  but  consists  of  two  basic  designs:  one  for  the  high  baud  rate  and  the 
second  for  all  others.  This  analysis  considers  both  design  techniques  and  evalu¬ 
ates  the  performance  in  terms  of  the  required  increase  in  signal  power  (to  pre¬ 
serve  the  specified  error  rate)  versus  time  deviation  about  the  derived  optimum 
delay. 
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Once  the  optimum  delay  has  been  derived,  the  relative  contributions  of  both  the 
ground  and  vehicle  equipment  are  considered  from  the  viewpoint  of  allocating  a 
fixed  value  for  the  ground  equipment  delay. 

A.  2  TECHNICAL  SUMMARY  AND  C ONCLUSIONS 

A  timing  model  is  formulated  for  the  evaluation  of  overall  sync  timing  uncertainty 
at  100  kbauds  and  at  the  six  lower  command  rates  <1,  20,  and  100  bauds  and  1,  2, 
and  10  kbauds).  Three  sources  are  identified  to  be  the  principal  contributors  to  the 
overall  sync  uncertainty: 

•  Ground  Equipment  Uncertainty,  eG 
±  10%  of  the  bit  period  at  100  kbauds 
±3%  at  the  other  command  rates. 

•  Sync  Jitter  Due  to  Link  Noise,  e  j 
±  1.  7%  of  the  bit  period  at  all  rates 

«l  Vehicle  Equipment  Uncertainty,  c  v 

Unknown,  ±  5%  of  the  bit  period  assumed  to  be  typical. 

These  parameters  are  illustrated  in  Figure  A-l.  Assuming  each  of  the  uncertain¬ 
ties  represent  the  one-sigma  level  of  a  Gaussian  process,  then  the  equivalent  total 
sync  uncertainty  may  be  derived  as  the  square  root  of  the  sum  of  the  squares  of  the 
components  to  give  -  ±  0.  113t  at  100  kbauds  and  e2  =  ±0.  06T  at  the  other  com¬ 
mand  rates  (t  =  bit  period). 

The  optimum  overall  sync  delay  was  determined  to  accommodate  these  uncertain¬ 
ties.  The  values  are  =  0.  728r,  corresponding  to  and  62  =  0.  94r,  corre¬ 
sponding  to  e  .  In  concept,  the  signal  power  must  be  increased  to  avoid  exceeding 
the  specified  error  rate  in  the  presence  of  the  timing  uncertainty.  The  required 
increase  is  0. 5  dB  for  the  100-kbaud  case  and  0. 18  dB  for  the  other  baud  rates. 
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All  dittrlbutlont 

ottuffl«d  to  be 


r  bit  period 

-  mean  time  delay  In  vehicle  equipment 
Aq  -  mean  time  delay  in  ground  equipment 
6  •  6  v  ►  6q  -  net  mean  time  delay 

<1  =  time  deviation  due  to  link  noise  (synch  jitter) 
<  y  -  time  deviation  In  vehicle  equipment 
time  deviation  in  ground  equipment 
i  =  net  time  deviation 


Figure  A-1  Statistical  Modal 


Since  the  optimum  total  sync  delay  is  relatively  large  for  both  basic  designs  con¬ 
sidered  (dj  and  6 2  above),  there  should  be  no  problem  in  selecting  a  fixed  value 
of  ground  equipment  delay  for  all  options  and  then  optimizing  the  system  design 
by  selection  of  an  appropriate  delay  in  the  vehicle  for  the  specific  command  option 
selected.  Also,  since  the  only  vehicle  design  established  at  the  time  of  this  analy¬ 
sis  was  the  1-kbaud  option,  it  is  proposed  that  the  ground  delay  allocated  by  that 
vehicle  design  be  selected  as  the  basis  for  the  fixed  value  of  the  ground  equipment 
delay.  This  results  in  a  delay  q)  equal  to  0.  594t,  with  a  variation  of  ±0.  It  at 
the  100-kbaud  rate  and  ±0. 03T  at  the  other  command  rates. 
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A.  3  SYSTEM  DESCRIPTION 

The  following  subparagraphs  describe  the  important  features  of  the  command 
system  (for  the  ground  station  and  space  vehicle)  at  several  levels  of  detail. 

A.3.1  Overall  Configuration 

V  . 

The  command  system  is  divided  between  the  ground  equipment  and  the  vehiole 
equipment.  Figure  A-2  illustrates  the  system.  The  commands  originate  in  the 
Integrated  Command  System  (ICS)  as  four  digital  channels:  three  carry  command 
data,  and  one  carries  synchronization  information.  The  baseband  assembly  unit 
(BAU)  reoeives  these  four  channels,  converts  them  into  an  amplitude -modulated 
FSK  subcarrier,  and  phase  modulates  the  main  carrier  with  the  composite 
baseband,  of  which  the  command  subcarrier  is  a  component  (Reference  1).  The 
remaining  ground  equipment  merely  upconverts  and  amplifies  the  main  carrier. 

•  v 

In  the  space  vehicle ,  the  receiver  coherently  demodulates  the  main  carrier  to 
provide  the  composite  baseband.  The  command  component  is  routed  to  the 
signal  conditioner,  which  demodulates  the  command  subcarrier.  A  clock  and 


Commend  Subcarritr 


Figure  A-2  The  Command  System 
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three  command  channels  are  regenerated.  These  data  are  sent  to  the  digital 
oommand  decoder.  The  decision  concerning  the  state  of  the  regenerated  bit  is 
made  in  the  signal  conditioner  at  the  10  and  100  kbaud  rates ,  and  in  the  digitftl 
command  decoder  for  the  remaining  oommand  rates  (Reference  2) . 

A .  3 . 2  Ground  Equipment  Configuration 

For  this  analysis,  the  important  component  in  the  ground  equipment  is  the  base¬ 
band  assembly  unit.  The  BAU  (Figure  A-3)  accepts  each  of  the  three  mutually 
exclusive  command  channels  and  converts  them  to  a  serial  FSK  bit  stream.  The 
BAU  also  accepts  the  sync  pulse,  which  triggers  a  variable  period  monostable 
multivibrator  to  provide  variable  sync  delay.  The  trailing  edge  of  this  delay  pulse 
triggers  a  flip-flop  that  divides  the  sync  pulse  rate  by  two  and  stretches  the  sync 
pulse  to  a  full  bit  period.  This  stretched  pulse  is  integrated  to  generate  a  tri¬ 
angular  wave  at  a  frequency  that  is  half  the  command  bit  rate.  The  triangular 
waveform  is  passed  through  a  lowpass  filter  that  has  a  100-kHz  cutoff  frequency. 
Accordingly,  the  sync  signal  for  the  100  kbps  command  rate  is  passed  as  a  sine 
wave  because  of  suppression  of  the  harmonics;  whereas,  at  lower  command  rates, 
the  sync  signal  has  a  triangular  waveform.  The  zero  crossings  of  the  triangular 
or  sinusoidal  sync  signal  (with  respect  to  the  data  bit  transition)  are  variable 
from  0.  65t  to  0.  70t  with  both  clock  and  FSK  signals  present  at  the  two  inputs  to 
the  AM  modulator.  The  sync  signal  amplitude  modulates  the  FSK  signal  with  a 
modulation  index  of  m  =  0.  5. 


Figure  A-3  Major  Components  of  Baieband  Assembly  Unit  (Ground  Equipment) 
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A,  3, 3  Spaoe  Vehlole  Equipment  Configuration  (Reference  2) 

The  most  important  component  in  the  space  vehicle  is  the  signal  conditioner,  which 
demodulates  the  FSK  signal,  reconstructs  the  three  digital  command  channels, 
and  extracts  a  sync  pulse.  There  are  two  signal  conditioner  designs:  One  basic 
design  applies  to  the  low  bit  rates  <1,  20,  100  bauds)  and  medium  bit  rates  (1000 
and  2000  bauds),  while  the  other  basic  design  applies  to  the  high  bit  rates  (10, 000 
and  100,  000  bauds). 

Low  and  Medium  Bit  Rate  Detection 

Figure  A-4  is  a  simplified,  diagram  of  the  signal  conditioner  (or  demodulator). 

The  three  command  frequencies  are  separated  by  three  filters  and  then  envelope 
detected.  After  passing  through  the  postdetection  lowpass  filter,  the  three 
channels  are  compared,  one  against  the  others,  to  determine  which  channel  has 
the  greatest  output  level.  The  comparator's  outputs  are  sent  to  the  command  bit 
decoder  where  the  state  of  comparator  output  is  evaluated  (state  of  command 
data  is  clocked  into  the  decoder). 


The  clock  pulse  is  generated  by  summing  the  outputs  of  the  envelope  detector 
and  passing  them  through  a  narrow  bandpass  filter,  a  phase  shifter,  a  zero 
crossing  detector,  a  differentiator,  and  a  one-shot  device. 

The  characteristics  of  the  significant  filters  in  the  receiving  system  are  given 
below: 


•  The  predetection  bandpass  filter  (Bpre)  3-dB  bandwidth  is  four 

times  the  bit  rate  (3  ):  B„„„  =  43  . 

'  r'  pre  r 


The  command  signal  postdetection  lowpass  filter  (Bpogt 
quency  is  one-half  the  bit  rate:  Bpogt  =  1/2 


)  cutoff  fre- 
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•  The  sync  signal  postdeteotion  bandpass  filter  (Ba)  3-dB  bandwidth 
is  typically  one-thirtieth  the  bit  rate:  B  *  1/30  a, 

8  4 

•  The  oenter  frequency  of  the  sync  signal  channel  (fQ)  is  one-half 
the  bit  rate:  fQ  «  1/2  0r. 

High  Bit  Rate  Detection 

Figure  A-5  is  a  simplified  diagram  of  the  signal  conditioner.  The  filtered  FSK 
input  is  converted  to  voltage  levels  by  the  limiter  discriminator.  The  voltages 
are  filtered  in  a  postdeteotion  low-pass  filter  and  processed  by  a  two-level 
threshold  device.  The  output  of  this  threshold  device  is  AND’d  with  the  dock 
pulse.  The  bit  state  is  determined  by  the  signal  conditioner  rather  than  by  the 
command  bit  decoder. 

The  clock  circuitry  is  the  same  for  high  bit  rates  as  it  is  for  low  and  medium 

bit  rates.  The  expressions  for  Bpre»  ®pOSt*  Bs»  an^  fQ  also  remain  the  same. 

The  value  for  B  in  the  high -bit-rate  case  is  170  kHz. 

pre 

A.  4  ANALYSIS 

The  following  analytical  models  and  supporting  analyses  were  used  to  determine 
the  system  degradation  that  is  caused  by  sync  signal  uncertainty.  Two  basic 
models  for  these  analyses  are  described.  In  this  analysis,  one  model  applies 
to  the  100-kbaud  system,  and  the  other  applies  to  the  remaining  baud  rates. 

The  model  for  the  low-  and  medium-rate  command  options  applies  to  the  10-kbaud 
option  in  this  case  because  the  significant  parameter  is  the  waveform  of  the  de¬ 
tected  signal.  The  100-kbaud  signal  is  a  sinusoidal  pulse,  the  waveform  for  the 
other  command  options  is  a  square  wave.  Figure  A-6  shows  the  composite 
timing/command  signal  waveform. 
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Modulation  Peeler  (M)  «  ifcJ  ■  O.SO  *  I0H 

fMAX  *MIN 

Syne  Delay  ■  A 


I ,  Modulation  envelope  li  tflongulor  for  dll  command 
rdtet  e«c#p»  the  I00«kbpi  rote,  whoto  bandwidth 
roilrlction  reoultt  in  ■  ilnp  «wave  modulation  envelope. 


2.  Prepueneiei  ore  not  drawn  to  icole. 


Figure  A-6  Typical  Command  Signal  Waveform 


A.  4. 1  Model  One  (High  Bit  Rate) 

The  model  for  the  100-kbaud  rate  is  shown  in  Figure  A-7.  The  predetection  IF 
amplifier  is  very  narrow  band,  removing  all  but  the  first  set  of  side  bands.  The 
result  is  narrowband  FM  that  demodulates  into  a  sinusoidal  pulse. 

The  sinusoidal  pulse  passes  through  a  simple  RC  lowpass  filter  with  a  cutoff 
frequency  at  one-half  the  bit  rate.  Ideally,  after  passing  through  the  lowpass 
filter,  the  waveform  is  sampled  at  its  maximum  value.  Any  other  sampling 
point  results  in  a  requirement  for  a  greater  signal  level  to  guarantee  that  a 
bit  error  rate  of  one  in  10  bits  is  not  exceeded. 


Typical  Command 
FSK  Spectrum 


Figure  A-7  Model  One  (for  100-kbaud  Bit  Rate) 
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Typical  Command 
PJK  Spectrum 


Plgurt  A-B  Modal  Two  (for  Bit  Ratal  of  10  kbtudi  and  Ltia) 


A.  4. 2  Model  Two  (Low  and  Medium  Bit  Rates) 

The  model  for  the  remaining  command  rates  is  shown  in  Figure  A-8,  The  pre¬ 
detection  IF  amplifier  has  sufficient  bandwidth  that  enough  side  bands  are  passed 
to  permit  detection  of  the  waveform  as  a  square  wave.  This  square  pulse  train 
is  passed  through  an  RC  lowpass  filter,  and  is  subsequently  sampled  at  (or  very 
near)  the  filter's  peak  output.  The  latter  cutoff  frequency  is  one-half  the  bit 
rate. 


A.  4. 3  Results  of  Prior  Analysis 

The  IF  SNR  required  to  meet  the  specified  error  rate  and  the  sync  pulse  jitter 
caused  by  the  presence  of  gaussian  noise  is  derived  in  Volume  III,  Appendix  V. 
Results  of  that  analysis  were  used  to  develop  the  data  on  sync  jitter  summarized 
in  Table  A-l. 


TABLE  A-l 

IF  SIGNAL-TO -NOISE  RATIO  AND  SYNC  JITTER 


Bit  Rate 
(bauds) 

IF  SNR 
<dB) 

Jitter 

<%) 

1 

14.2 

1.0 

20 

14.2 

1.6 

100 

14.2 

1.0 

1,000 

14.2 

1.0 

2,000 

14.2 

1.0 

10,000 

18.1 

1.6 

100,000 

7.2 

1.8 

PMIL.CO 


A- 10 


PHll.CtJ  f  i  )«n  CORPORATION 


WDL  Division 


W.DL-TR3227-1 
Volume  1,  Pert  2 


A.  4, 4  Postdetectton  Filter  Analysis 

This  seotlon  analyzes  the  jitter  output  response  to  two  input  forolng  functions 
of  the  postdeteotion  filter.  This  filter  is  a  simple  RC  lowpass  type  whose 
transfer  function  is 


e.  , 

(s)  -  (sT  +  l)’1 
ein 


where 


Input  Forcing  Functions 

The  input  forcing  function  is  the  output  of  the  detector,  whether  it  be  an  envelope 
detector  or  a  limiter  discriminator. 

The  forcing  function  f(t)  for  the  100-kbaud  rate  is  a  sinusoidal  pulse 

f(t)  =  (ju(t)  -  /t(t-r)]  sin  (fft/T) 
where  r  is  the  bit  period. 

The  forcing  function  for  the  remaining  bit  rates  is  a  square  pulse 

f(t)  =  M(t)  -  M( t-r) 
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Output  Signal 

100  kbauds  -  Model  One.  The  expression  for  the  portion  of  the  output  waveform  that 
includes  the  maximum  is,  for  0<t  s  r, 


eQ(t.)  -  |  A  M<t)  [exp  +  J2  sin  |r  j  -  })  ] 

This  function  is  plotted  in  Figure  A-9.  By  differentiating  eQ(t)  with  respect  to  time 
and  setting  the  derivative  equal  to  zero ,  it  is  readily  determined  that  e0  is  a  maximum 
when  t  ~  0.728T  . 


If  the  sampling  uncertainty  is  zero  and 
the  sync  delay  is  equal  to  t  ,  then  the 
system  is  optimum  and  the  signal  require' 
to  guarantee  achievement  of  the  specified 
error  rate  is 

©o  =iA0  [exP  (-0.728tt) 

+  72  sin  (o. 728  -  |)j 


Figure  A-9  Waveform  at  Lowpass  Filter  Output  for  Model  One 


Aq  is  determined  by  the  required  SNR. 

If  the  sampling  uncertainty  is  ±€t, 

then  the  signal  required  to  achieve  the  specified  bit  error  rate  is,  for  0  <  J  i  0,5  , 


eQ  =  Ajexp  [-(0.728  ±  e )  tr]  +  ^2  sin  [(0.728  ±  e)  tt  -  ^ 

where  A ,  AQ  are  the  filter  output  signals  required  to  guarantee  sampling  at 
the  output  threshold ,  eQ  . 
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The  'degradation  Is  thus 


D 


20  log1Q  jexp  (-0.728tt)  +  \]%  sin  (b.728ir 

-20  log^Q  jexp  [-(0.728  ±e)rrj  +  /2  sin 


This  function  is  plotted  in  Figure  A-10.  Since  the  shape  of  the  output  waveform 
symmetrical  about  the  peak,  both  positive  and  negative  sync  uncertainty  curves 
in  this  figure. 

The  abscissa  shows  the  correspond¬ 
ing  values  of  total  (rss)  delay  uncer¬ 
tainty  and  of  vehicle  delay  uncer¬ 
tainty  (with  a  ground  sync  delay  un¬ 
certainty  of  ±0.  lOr  and  a  sync  pulse 
jitter  of  ±0.017r).  For  e  =  ±0.113, 
corresponding  to  a  vehicle  delay  un¬ 
certainty  of  ±0. 05 T,  the  degradation 
is  0. 52  dB  for  (worst-case  value), 
and  0. 49  dB  for  ~e.  Hence,  the  maxi¬ 
mum  expected  degradation  arising 
from  sync  delay  uncertainties  is 
about  0. 5  dB  for  the  assumed  vehicle 
delay  uncertainty  of  ±0.  05T. 


is  not 
are  shown 


Although  the  pulse  is  asymmetric,  the 
nominal  optimum  delay  (6)  may  be 
taken  to  be  the  value  corresponding  to 
maximum  level  (0.728r)  with  negligi¬ 
ble  penalty  for  all  reasonable  values 
of  vehicle  delay. 


0,05 


0.10  0.15  0.20  0.25 

Totol  Sync  Uncertainty,  i.  i  (Fraction  of  Bit  Period) 


0.30 


0,35 


In,.!  i 


-L. 


0.15  0.20  0.25  0.30 

Vehicle  Delay  Uncertainly,  ♦  c  (Fraction  of  Bit  Period) 


0  0.075 
0.05  0.10 


A-10  System  Degradation  vs  Sync  Uncertainty  for  Model  One 
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10  kbauds  and  Less  ~  Model  Two.  The  egression  for  the  portion  of  the  output 
waveform  that  includes  the  maximum  value  is 

eQ(t)  =;  A  jp (t)  [l  -  exp  (-ir£)]  -  M(t-T)  ^1  -  exp 

This  function  is  sketched  in  Figure  A -11.  The  maximum  value  occurs  at  the 
end  of  the  bit  period  at  t  =  t  . 


Sampling  Point  fo' 
Minimum  Degradation 


A—  1 1  Signal  at  Cuptuc  of  Lowpass  Filter  for  Model  Two 


To  ensure  minimum  degradation, 
the  sampling  pulse  must  occur 
during  the  bit  period  as  indicated 
in  Figure  A- 11.  The  asymmetry 
of  the  output  waveform  must  be 
accounted  for. 

If  the  sampling  uncertainty  is  zero, 
then  the  system  is  optimum  and  the 
signal  required  to  achieve  the 
specified  error  rate  is 


e0  =  A0  t1  -  exp  (-7T)] 


If  the  sampling  uncertainty  is  ±e,  the  signal  required  to  achieve  the  specified  bit 
error  rate  is,  for  Os  e  s  0.5  , 


eQ  =  A  jl  -  exp  [-  (1  -  2e)7r]j 


where  A  and  Aq  are  as  for  100  kbauds.  The  degradation  is  thus 


D  =  20  log10  [l  -  exp  (-77)]  -  20  log1Q  j  1  -  exp  [-  (1  -  2e)7r]j 
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Vehicle  Delay  Uncertainty,  t  (fraction  of  Oil  Period) 


This  function  is  plotted  in  Figure 
A-12.  Because  of  the  gross  asym¬ 
metry  of  the  filter  output  waveform , 
the  overall  sync  delay  must  be  ad¬ 
justed  according  to  the  overall  un¬ 
certainly  of  the  sync  position  and, 
hence,  the  vehicle  uncertainty. 

The  overall  time  delay  is  set  to 
6-  (l-e)r. 

The  abscissa  shows  the  correspond¬ 
ing  values  of  total  delay  uncertainty 
and  of  vehicle  delay  uncertainty  (with 
a  ground  sync  delay  uncertainty  of 
±0. 03 r  and  a  sync  pulse  jitter  of 
±0. 017t).  For  e  =  ±0.  06,  corre¬ 
sponding  to  a  vehicle  delay  uncer¬ 
tainty  of  ±0.  05 t  the  degradation  is 
0. 18  dB. 


A-12  System  Degradation  vs  Sync  Uncertainty  for  Model  Two 
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A.  5  GROUND  EQUIPMENT  DELAY  SETTING 

The  ground  equipment  delay  must  be  set  to  accommodate  the  existing  vehicle  design, 
incorporating  a  1-kbaud  command  system,  in  accordance  with  the  Lockheed  speci¬ 
fication  (Reference  4).  This  specification  requires  that  the  ground  delay  be  set  to 
a  nominal  value  of  600  jjsec  (0. 6  t  )  with  a  tolerance  of  ±15  mugc  (0. 01 5  r  ).  On  the 
other  hand,  the  SGLS  specification  for  the  ground  equipment  (Reference  5 )  permits 
a  tolerance  of  ±  0.  03t  about  the  selected  delay.  This  specification  anomaly  can  be 
simply  resolved  by  reducing  the  nominal  delay  in  the  ground  equipment  so  as  to 
compensate  for  the  SGLS  tolerance. 

With  this  particular  vehicle,  the  command  system  operates  in  the  manner  analyzed 
under  Model  Two,  in  the  proceeding  paragraph.  That  analysis  demonstrated  that 
the  total  nominal  delay  plus  the  system  variation  must  equal  the  bit  interval.  Re¬ 
ferring  to  Figure  A-l,  this  may  be  succinctly  stated  as 

+  e-r  =  t 

or,  in  terms  of  the  component  parts  of  the  total  delay, 

<5g  =  (1  -  e)r  -oy 
and 


From  the  above  relationships,  the  compensated  ground  delay  (6^)  that  corresponds 
to  the  increased  variation  ( e ' )  due  to  the  SGLS  tolerance  ( e  q)  is  given  as 

6G  =  6G  -  <e'  -e  )t 
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<€')2  -  e2  +  cj  +  (e'Q)2 

For  *  0.6t,  €.  -  0. 017 r,  e„  *  O.OlSr,  e'  ~  0.03t,  and  e„  *  0. 05r 

U  d  U  U  V 

(assumed),  we  have  =  0.594t. 

Sinoe  the  optimum  total  sync  delay  is  relatively  large  for  all  options  of  the  oommand 
system,  it  is  feasible  to  select  a  single  value  for  the  ground  system  delay  to  accom¬ 
modate  these  options.  It  is  proposed  that  the  value  seleoted  be  the  one  derived 
above  for  the  only  known  existing  vehicle  design.  This,  of  course,  will  require  that 
appropriate  delays  be  selected  for  subsequent  vehicle  designs  in  accordance  with 
the  optimum  total  system  delays  derived  in  the  preceding  paragraph, 

A.  6  CONCLUSIONS 

(See  Paragraph  A. 2,  Technical  Summary  and  Conclusions.) 
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APPENDIX  B 

DATA  DISTORTION  DUE  TO 
PHASE  NONLINEARITIES  AND  AMPLITUDE  RIPPLE 


B.l  GENERAL 

The  characteristics  of  the  tandem  components  in  the  signal  (or  sum)  channel  of  the 
SGLS  receiving  subsystem  have  direct  bearing  upon  the  quality  of  the  output  signal. 
In  particular,  the  nonlinearity  in  the  phase  response  and  the  variations  in  the  ampli¬ 
tude  responses  of  the  components  could  distort  the  angle-modulated  signal  to  an 
extent  that  can  render  the  recei  ved  information  unusable.  The  effect  of  the  non¬ 
ideal,  but  realistic,  component  characteristics  upon  the  SGLS  performance  is  an 
important  area  of  investigation  and  is  thus  considered  in  this  distortion  analysis. 

The  alternative  techniques  available  in  performing  the  analysis  and  the  selected 
approach  are  discussed  below.  The  selected  case  for  analysis  is  then  identified  by 
carrier  designation,  signal  type,  and  modulation  scheme.  Additionally,  the  com¬ 
bined  phase  and  amplitude  characteristics  of  the  tandem  components  are  tabulated. 
Next,  preliminary  results  are  presented  in  terms  of  the  calculated  percent  of  dis¬ 
tortion.  Lastly,  conclusions  based  on  the  specific  case  analyzed  are  summarized. 
For  reference  purposes,  the  FM/PM  Spectrum  Analysis  Computer  Program  is  con¬ 
tained  in  Paragraph  B.  6. 

B.  2  METHOD  OF  ANALYSIS 

B.  2.1  Selection  of  Approach 

Several  alternatives*  for  analysis  are  available  to  assess  the  effect  of  phase  and 
amplitude  nonlinearities  upon  the  received  signal.  These  alternatives  are: 

*P.  D.  Shaft,  "Effect  of  Phase  and  Amplitude  Characteristics  on  Telemetry  Per¬ 
formance,"  Philco-Ford  WDL,  Communication  Sciences  Department  Technical 
Memorandum  No.  83,  November  1964. 
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1.  Taking  the  produot  of  the  Fourier  transform  of  the  signal  (signal 
spectrum)  and  the  transfer  funotion  of  the  oomponent  or  the  network 

2.  Convolving  the  signal  time  funotion  and  the  impulse  time  response  of 
the  network 

3.  Making  a  simplifying  assumption  suoh  as  quasi-stationarity  and  using 
alternative  1  or  2 

4.  Expanding  the  network  characteristics  as  a  polynomial  in  time  or 
frequenoy  and  using  one  of  the  above  methods 

5.  Expanding  the  signal  in  a  Fourier  series,  modifying  the  terms  by  the 
component  or  network  characteristics ,  and  reconstructing  the  output 
waveform  by  Fourier  synthesis 

Alternatives  1  and  2,  although  valid  in  principle  for  any  case,  are  mathematically 
complex  except  for  certain  characteristics.  Also,  these  methods  require  that 
transfer  characteristics  are  capable  of  being  put  in  dosed  mathematical  forms. 
Alternative  3  can  lead  to  erroneous  results,  as  noted  by  Wang,  *  except  under  limited 
conditions.  Alternative  4  is  reasonable  only  when  the  network  characteristics  can  be 
expressed  with  a  few  terms.  Alternative  5  is  valid  for  periodic  signals  passing 
through  components  having  any  characteristics  but  has  been  little  used  because  of  the 
large  amount  of  numerical  computation  involved.  Since  a  computer  program 
developed  at  Philco-Ford  WDL  is  available  to  perform  the  computations,  Alternative 
5  was  selected. 

A  comparison  of  Alternative  2,  used  by  Wang,  and  Alternative  5  indicates  that  these 
two  methods  are,  indeed,  similar;  the  basic  difference  between  them  is  that  Wang 
combines  the  harmonic  terms  before  determining  the  distortion  components.  An 
advantage  of  the  WDL  method  is  that  curve  fitting  of  the  measured  phase  and  gain 

*H.  S.  C.  Wang,  "Distortion  of  FM  Signals  Caused  by  Channel  Phase  Nonlinearity 
and  Amplitude  Fluctuation,"  IEEE  Transactions  on  Communication  Technology, 
Vol.  CT-14,  August  1966. 
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characteristics  is  not  required  since  the  data  are  read  directly  into  the  oomputer 
as  disorete  points,  thereby  avoiding  errors  arising  from  the  "best  fit"  analytical 
expressions, 

B,  2. 2  FM/PM  Computer  Program 

The  WDL  FM/PM  Spectrum  Analysis  Computer  Program  simulates  frequency  or 
phase  modulation  of  a  carrier  by  use  of  a  periodic  waveform.  The  program  calcu¬ 
lates  the  spectrum  of  the  modulated  carrier,  permits  linear  filtering  of  the  same, 
and  then  demodulates.  Linear  filtering  of  the  input  and  the  output  waveforms  is  also 
permitted.  The  program  also  analyzes  and  calculates  the  spectrum  of  the  output 
waveform.  The  computer  printout  inoludes  plots  of  the  input  and  output  waveforms, 
if  desired,  and  the  amplitude  of  the  input  and  output  spectral  components.  A  more 
detailed  description  of  the  computer  program  is  presented  in  Paragraph  B.  6. 

B.  2. 3  Distortion  Criteria 

A  visual  indication  of  the  amount  of  distortion  introduced  by  the  SGLS  receiver  can 
be  obtained  from  a  comparison  of  the  input  and  output  (time)  waveforms.  However, 
a  quantitative  measure  is  more  desirable,  especially  when  comparing  different  cases. 
Two  equivalent  methods  are  available  to  evaluate  power  distortion:  one  utilizes  the 
frequency  domain  and  the  other  the  time  domain. 

In  the  first  method  utilizing  the  frequency  domain,  the  distortion  is  determined  from 
an  analysis  of  the  demodulated  output  signal  by  comparing  the  additional  spectral 
terms  arising  from  the  effect  of  the  combined  receiver  components  with  the  spectral 
terms  in  the  absence  of  component  distortion.  Analytically,  the  distortion,  D,  ma.y 
be  written  as 


D  (in  percent)  =  100  x 


k=0 


M 

E 

k=0 


<C„> 


(B.  2-1) 
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where  the  C^’s  are  the  amplitudes  of  the  additional  spectral  terms  due  to  distortion, 
the  |cQ  jk's  are  the  amplitudes  of  the  speotral  terms  in  the  absenoe  of  distortion, 
and  M  is  the  total  number  of  speotral  terms  considered.  When  the  input  signal  is 
a  single  sinusoid,  Equation  (B.  2-1)  reduces  to 


k=0 

D  (In  percent)  =  100  x  k^°g 

C1 


(B.  2-2) 


where  is  the  amplitude  of  the  fundamental. 

In  the  alternate  method  utilizing  time  domain,  the  distortion  is  determined  by  com¬ 
paring  the  corresponding  amplitude  samples  of  the  input  and  output  time  waveforms 
(the  corresponding  amplitudes  being  paired  after  accounting  for  the  overall  time 
delay).  In  this  case,  the  distortion  may  be  written  as 


D  (in  percent)  =  ^  £  (At  -A’l  +  r)2  (B.2-3) 

i=  -N 


r 

where  A  i  and  a'j+t  are  the  amplitudes  of  the  input  and  output  (time)  waveforms 
at  t.  and  fci+T  *  respectively,  and  where  r  is  the  time  delay,  and  N  is  the  number 
of  samples  per  half  period. 

To  obtain  a  meaningful  value  of  distortion  by  this  procedure,  N  should  be  of  large 
enough  value  that  when  the  time  delay  is  taken  into  account,  the  corresponding 
amplitude  samples  line  up  (in  time)  reasonably  well;  of  course,  the  better  the 
samples  line  up,  the  truer  the  value  of  D  will  be. 
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B.  3  SGL8  CONFIGURATION  AND  CHARACTERISTICS 
B,  3. 1  Configuration  for  Analysis 

Initial  analysis  is  fooused  upon  the  most  stringent  SGLS  configuration  in  terms  of 
signal  distortion.  Hence,  the  reception  of  Carrier  3  is  considered  in  its  wideband 
mode  of  operation  (IF  bandwidth  of  35  MHz).  Since  the  bandwidth  requirements  for 
Carrier  1  and  Carrier  2  operation  are  much  less  than  for  Carrier  3,  the  signals 
associated  with  these  carriers  should  be  less  distorted  by  the  network  components 
than  Carrier  3  signals. 

The  signal  and  modulation  characteristics  for  Carrier  3  operation  are  not  firmly 
defined  at  this  time.  The  following  case  is  believed  to  be  a  representative  selection 
for  analysis: 

A  sine  wave  input  having  a  frequency  of  2  MHz  with  frequency  modulation, 
simulating  FM/FM  wideband  operation. 

A  modulation  index,  m,  of  5  was  used  in  the  analysis;  this  value  fills  the  IF  band¬ 
width  with  harmonic  terms  and  also  permits  a  reasonably  rapid  decrease  in  the 
magnitude  of  the  terms  beyond  the  3-dB  IF  bandwidth. 

B.  3.2  Phase  and  Gain  Characteristics  of  Tandem  Components 

In  order  to  perform  a  distortion  analysis  based  upon  a  particular  design  configuration 
of  the  SGLS  receiver,  it  is  desirable  to  have  both  the  phase  ( /3 )  and  amplitude  or 
gain  (G)  characteristics  over  the  frequency  band  of  interest  for  each  of  the  tandem 
components  in  the  sum  channel.  An  alternative  form  from  which  the  phase  character¬ 
istic  may  be  determined  is  the  curve  of  time  delay  (  t  )  versus  frequency,  since  by 
definition  T  =  -d /3/d to.  For  our  selected  approach,  measured  phase  and  gain  data 
points  versus  frequency  are  preferred  as  inputs  rather  than  an  approximated  curve 
(unless  a  sufficient  number  of  terms  in  a  power  series  are  used).  Thus,  the  intro¬ 
duction  of  error  at  this  point  in  the  analysis  is  avoided. 
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For  wideband  operation  with  Carrier  3 ,  pliase  and  gain  data  have  been  obtained  for 
the  SOLS  solid-state  parametric  amplifier  and  the  predetection  filter  assembly  with 
a  35-MHz  bandwidth  and  centered  at  129. 5  MHz,  Data  for  these  components  are 
presented  in  Table  B-l. 

The  phase  and  gain  characteristics  of  the  other  tandem  components  were  omitted  at 
the  time  the  computer  runs  were  made  for  the  wideband  cases.  In  general,  these 
components  are  wideband  devices  and  are  not  expected  to  alter  the  results  appreci¬ 
ably.  For  example,  the  5-pole  Chebyshev  preselector  filter  of  120  MHz  bandwidth 
has  a  calculated  linear-phase  region  of  approximately  52  MHz  (see  Figure  B-l), 
which  is  much  wider  than  the  35-MHz  bandwidth  used  in  the  wideband  analysis.  The 
validity  of  this  calculated  filter  characteristic  is  evident  from  a  comparison  of 
measured  and  calculated  curves  for  a  3-pole  Chebyshev  filter  having  a  2. 716-MHz 
bandwidth  (one  of  the  three  selectable  filters).  Figure  B-2  indicates  good  agree¬ 
ment  between  their  linear  phase  characteristics  (linearity  being  the  key  property 
of  the  phase  curve). 

B.  4  RESULTS  OF  ANALYSIS  .  -  ’ 

2 

The  power  distortion  was  evaluated  from  the  values  of  and  C1  (which  are  direct 
computer  printouts)  and  the  use  of  Equation  (B.2-2).  These  values  are 


hence, 


53  C?  a  0,0000345  and  C?  *  0.  249  (B.4-1) 

k=0  K  l 

k*l 


D 


100  x  0.000345 
0.249 


S  0. 138% 


(B.4-2) 
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TABLE  B-l 

MEASURED  PHASE  AND  I, OSS  CHARACTERISTICS  OF 
PREDETECTION  FILTER  ASSEMBLY 
(f0  -  129. 5  MHz,  DWgdB  -  35.0MH*) 


f 

MHz 

At 

MHz 

L 

dB 

f 

MHz 

Af 

MHz 

P 

deg 

f 

MHz 

At 

MHz 

P 

deg 

L 

dB 

f 

MHz 

At 

MHz 

0 

deg 

L 

dB 

110.0 

-19.5 

201.06 

4.7 

120.0 

-9.5 

.06 

130.0 

0.5 

-4.  55 

n 

140.0 

10.5 

-100.85 

.20 

110.5 

-19.0 

195,98 

4.3 

120.5 

.01 

130.5 

1.0 

-9.09 

B 

140.5 

11.0 

-106.35 

.25 

111.0 

-18.5 

190.72 

3.9 

121,0 

0 

131.0 

l.r 

! -13.  64 

B 

141.0 

11.5 

-111.83 

.31 

111.5 

-18.0 

185.37 

3.5 

121.5 

Blf 

B 

131.5 

2.0 

!  -18.18 

B 

141.5 

12.0 

-117,49 

.4 

112.0 

-17.5 

179.95 

3.0 

122.0 

-7.5 

70.26 

1 

132.0 

2.5 

-22.70 

B 

142.0 

12.  5 

-123.24 

.5 

112.5 

-17.0 

174. 51 

2.7 

122.5 

-7.0 

65.35 

0 

132.5 

3.0 

-27.20 

0 

142.5 

13.0 

-129.08 

.6 

113.0 

-16.5 

168.99 

2.3 

123.  0 

-6.  5 

0 

133.  0 

3.5 

-31.70 

0 

143.0 

13.5 

-134.93 

.71 

113.5 

-16.0 

163.32 

2.1 

123.5 

-6.0 

55.  G6 

0 

133.  5 

4.0 

-36. 11 

B 

143.5 

14.0 

-140.83 

.82 

114.0 

-15.5 

157.68 

1.7 

124.0 

-5.5 

0 

134.0 

4.5 

-40.  74 

n 

144.0 

14.  5 

-146.73 

1.0 

114.5 

-15.  0 

1.4 

124.5 

46.15 

0 

134.5 

5.0 

-45.36 

D 

144.  5 

15.0 

-152.62 

1.2 

115.0 

-14,  5 

146.31 

1.2 

125.0 

41.49 

0 

135.0 

5.5 

-50.  06 

B 

145.0 

15.  5 

-158.49 

1.5 

115.5 

-14.0 

140.60 

1.0 

125.5 

-4.0 

36.85 

0 

135.5 

6.0 

-54.  88 

0 

145.5 

16.0 

-164.31 

1.8 

116.0 

-13.5 

134.88 

0.8 

126.0 

-3.5 

32.21 

136.0 

6.5 

-69.76 

0 

146.0 

16.5 

-170.  06 

2.2 

116.5 

-13.0 

129.15 

0.7 

126.5 

-3.0 

27.58 

B 

136.5 

7.0 

-64.67 

0 

146.5 

17.  0 

-176.70 

2.6 

117.0 

-12.5 

123.42 

0.  58 

127.0 

-2.5 

22.94 

3 

137.0 

7.5 

-69.  62 

0 

147.0 

17.5 

-181.19 

3.0 

117,5 

-12.0 

117.72 

0.46 

127.  5 

-2.0 

18.31 

0 

137.  5 

8.  0 

-74.62 

0 

147.5 

18.0 

-186. 50 

3.5 

118.0 

-11.5 

112.06 

.33 

128.0 

119 

0 

138.0 

8.5 

-79.70 

.02 

148.0 

18.5 

-191.63 

3.9 

118.5 

-11.0 

106.51 

.28 

128.5 

-1.0 

B 

138.5 

9.0 

-84.85 

.05 

148.5 

19.  0 

-196.  58 

4.4 

119.0 

-10.5 

101.  07 

.20 

129.  0 

-0.5 

0 

139.0 

9.  5 

-90. 09 

.  10 

149.0 

19.5 

-201.37 

4.9 

119.5 

-10.0 

96.72 

.14 

129.5 

0 

0 

139.5 

10.0 

-95.42 

.  14 

149.5 

20.0 

-206.23 

5.4 

150.0 

20.  5 

-210.48  ■ 
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Figure  B-2  Measured  and  Calculated  Phase  Characteristic  of  3-Pole  Chebyshev  Predetection  Filter  Assembly 

with  B3dB  =  2.716  MHz 
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B.5  CONCLUSIONS 

The  distortion  analysis  presented  in  the  preceding  sections  indicates  that  the  power 
distortion  for  Carrier  3  (utilizing  the  35 -MHz  IF  bandwidth)  is  about  0. 14%  for 
wideband  FM/FM  operation  with  a  2 -MHz  sine -wave  signal  when  a  modulation  index, 
m,  of  5  was  used.  (This  value  of  m  was  seleoted  since  the  RF  spectrum  embraces 
the  IF  bandwidth,  with  a  rapid  decrease  in  the  amplitude  of  the  terms  outside  the 
band. ) 

The  above  value  of  distortion  is  based  upon  the  oombined  phase  and  gain  character¬ 
istics  of  the  amplifier  and  the  35-MHz  bandwidth  predetection  filter. 

B.6  THE  FM/PM  SPECTRUM  ANALYSIS  COMPUTER  PROGRAM 

B.  6.1  General 

The  WDL  FM/PM  Spectrum  Analysis  Computer  Program  essentially  performs  the 
simulation  of  the  transmission  of  a  phase-  or  frequency-modulated  signal  in  four 
steps  as  follows: 

1.  Spectrum-analyzes  the  modulated  signal 

2.  Modifies  the  carrier  spectrum  with  the  characteristics  of  the  receiving 
filter-mixer-amplifier  chain  (hereafter  referred  to  as  the  filter) 

3.  Demodulates  the  carrier 

4.  Spectrum-analyzes  the  demodulated  signal 

The  phase-modulation  case  is  described  below.  For  the  frequency-modulation  case, 
the  signal  is  first  integrated  before  phase  modulating  the  carrier. 
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B.fl.2  Spectral  Analysis  of  Transmitted  Signal 

Let  £  (t)  be  the  information  signal  and  be  periodic  in  time  with  period  T,  If  a 

H  '  ' 

carrier  of  unit  amplitude  and  frequency  fQ  is  phase  modulated  with  IS  s  (t),  the 
resulting  RF  signal  (E1  <t)]  can  be  expanded  in  a  Fourier  series  as  follows; 

E,  (t)  »  cos  [2irfct  +  Es(t)]  =:  £  dk  oos  (2»r  fct  +  -?p“  t  +  (B.6-1) 

The  PM  spectrum  of  E  (t)  consists  of  the  amplitude  dk  and  the  phase  0k  associ¬ 
ated  with  frequency  shifts  k/T.  The  complex  coefficients  of  the  Fourier  series  can 
be  found  from 


X 

2 


dke^4/ 


dt 


(B.  6-2) 


In  real  form,  this  is 


T 

2 


dk  cos  "  t  J*  C cos  Es(t)  008  * +  sln  V> sin  dt  (B*  6-3) 


T 

2 


dk  sin>Sk  =  i  j  [-cos  Eg(t)  sin  ^  t  +  sin  Eg(t)  cos  t  ]  dt  (B.6-4) 


2n*k 
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To  use  these  formulas  for  digital  computation,  the  integrals  are  replaoed  by  sums. 
The  time  scale  over  a  period  T  is  first  divided  into  2N  segments  of  width  At.  The 
area  under  the  integrant  is  then  replaoed  by  2N  +  1  reotangles  as  shown  in  Figure 
B-3.  The  widths  of  the  reotangles  are  At  except  for  the  first  and  last  rectangles 
which  have  widths  of  At/2.  The  integral  then  beoomes  the  sum  of  the  areas  of  the 
reotangles. 


1  N  r 

dk  cos  4  =  T  (1?^  L008  E=(* 


)  cos  p  +  sin  E| 


,<V  sm  -^]At 


N 

-  [cos  Es(t1)cos  +  sin  E s(tl)  sin  (B.6-5) 


T 


Figure  B-3  Partitioning  of  Integrant  Waveform 
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N 

dk  sin  /3k  '  S5  ,?N  C  •  °M  W sln  TsT  +  sl"  W  00*  TT  3  lB-  8_8> 

where  the  prime  of  Z'  means  that  the  first  and  last  terms  have  half  weights. 
Finally,  dk  and  0k  are  oomputed  from 

dk  =  >/<d k  008  ^k)2  +  <dk  stn  #k)2  (B.  6—7) 

£k  =  arctan  £(dk  sin  ^k)/  (dk  cos  /3k)J  (B.6-8) 


The  computer  computes  the  dk  and  0k  for  -M  <  k  <  M.  Therefore  2M  +  1 
spectral  lines  are  computed. 


B.6.3  Spectrum  Modification 


After  the  RF  signal  has  been  spectral  analyzed,  the  computer  program  then  modifies 

the  RF  spectrum  by  the  filter  (element)  characteristics.  The  filter  gain  and  phase 

responses  are  stored  in  the  memory  in  tabular  form  as  functions  of  the  frequencies. 

For  each  spectral  component  at  f  +  =  ,  the  d.  is  multiplied  by  the  filter  gain, 

k  c  i  K 

and  the  phase  at  f  +  £,  is  added  to  /3,.  Linear  interpolation  is  performed  when 
k  ci  K 

f  +  ^  is  not  one  of  the  tabulated  frequencies. 
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B.  6.4  Demodulation 

The  third  step  is  to  perform  the  demodulation.  The  program  assumes  perfect  phase 
demodulation  is  attained;  that  is,  the  demodulated  output  E  Q(t)  is  directly  pro¬ 
portional  to  the  phase  of  the  input  RF  signal.  Beoause  of  the  possible  nonlinear 
behavior  of  the  filter,  the  modified  RF  signal  (denoted  by  Eg  (t)  )  may  not  have  a 
constant  envelope. 

Therefore,  the  RF  signal  is  assumed  to  be  amplitude  as  well  as  phase  modulated. 
This  is  expressed  by 


■,')  =  Re  A(t)  .l^'V  +  *o»> 


=  Re  £  d:  eml.cH2'V*w-T  n 


k=  -M 


(B. 6-9) 


where  the  primes  on  dk  and  /?k  denote  the  modified  dk  and  /?k  respectively. 
At  t  =  tj. 


AftJ.JW-  E  a-  JK  e^'i 

i  k=-M  K 


(B.  6-10) 


or  in  real  form: 


M  r 

A(tt)  cos  E0(t.)  =  dQ  ooafi§Q  +  £  L<dk  C0S/3k  +  d-k  008  4  ) 

k=l 


(B.  6-11) 


.  cos  ^  +  (-dk  sln/3k  +  d'k  sin  £k)-sin  — ^] 
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A(tj)  sin  EQ(tj)  =  dy  sln^Q  +  jjp^  [(dk  sln0k  +  stn/3'k  )  cos  — ^ 

+  (dk  co»i8k  -  d  k  cos  /S£)  sin  (B.6-12) 


The  demodulated  signal  EQ  (t)  is  oomputed  by 

E0(t.)  =  arctan  [A(t{)  stn  E0(t{) /A(t{)  cos  j  (B.6-13) 

The  E^t^'s  calculated  for  -N  sis  N  represent  the  sampled  voltage  of  the 
demodulated  signal  waveform  over  a  period  T  with  the  sampling  interval  At.  The 
results  are  plotted  to  show  the  demodulated  signal  visually. 

B.6. 5  Spectral  Analysis  of  Output  Signal 

The  fourth  step  is  to  analyze  the  output  signal  into  its  spectral  components.  The 
procedure  is  similar  to  step  1.  The  output  of  this  step  also  includes  the  relative 
power  contained  in  each  harmonic,  which  facilitates  the  distortion  study  when  the 
input  signal  is  a  sine  wave. 
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APPENDIX  C 

ANGLE  TRACKING  ACCURACY 


C.l  INTRODUCTION 

This  appendix  presents  an  analysis  of  the  angle  tracking  accuracy  of  the  SGLS 
high-gain  and  low-gain  antenna  configurations.  Paragraph  C.2  describes  the 
sources  and  types  of  errors  and  discusses  the  methods  of  combining  the  errors 
to  determine  the  overall  tracking  accuracy. 


Paragraph  C.3  summarizes  the  specific  sources,  types,  and  magnitudes  of  errors 
that  are  of  interest  in  the  two  antenna  configurations.  The  results  of  the  analysis 
are  presented  in  Table  C-l. 

Lastly,  a  discussion  of  each  error 
source  is  presented  in  Paragraphs 
C.4  through  C.  8  to  show  the  rationale 
used  in  deriving  individual- error 
contributions. 


Special  terms  used  in  this  appendix 
are  defined  as  follows: 


TABLE  C-l 

ANGLE  TRACKING  ACCURACY 
(All  values  in  mUllrudiiins) 


Antenna 

Axis 

High-Gain  Antenna 

I-ow-Galn  Antenna 

Bius  Error 
(rms) 

Noise  Error 
(rms) 

Bias  Error 
(rms) 

Noise  Error 
(rms) 

Ivlevutlun1 

<0.4 

<0.4 

<0.3 

<0.5 

A/iniuth” 

<0.0 

<0.3 

A 

C 

12 

<i.i 

lFor  elevation  angles  greater  than  5°  and  less  than  85®. 
“Fiir  elevation  ungles  loss  than  70°. 


Tracking  accuracy 


Systematic  error 


Bias  error 


Noise  error 


The  accuracy  with  which  the  readout  devices 
indicate  the  true  positioning  angle  to  the  spacecraft. 

An  error  that  is  a  function  of  any  system  param¬ 
eter  susceptible  to  calibration  (or  a  known  function) 
aid  capable  of  removal  from  the  data. 

An  error  which  is  nonvaryirg  over  short  periods 
of  time  but  which  cannot  be  compensated.  A  short 
period  of  time  will  be  considered  as  the  duration 
of  the  pass. 

An  error  that  occurs  in  a  random  fashion  or  whose 
source  is  of  a  random  nature. 
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C.2  GENERAL  DESCRIPTION 
C.2.1  Sources  and  Types 

The  sources  of  angle  tracking  errors  are  grouped  as  follows: 

•  RF 

•  Propagation 

•  Servo 

•  Mechanical 

•  Calibration 


The  error  contribution  for  each  source  is  further  identified  as  a  systematic,  bias, 
or  noise  error.  (See  Definitions.)  Systematic  errors  are  known  and  are  assigned 
positive  or  negative  values.  Bias  and  noise  errors  are  rms  values  since  they  are 
of  a  random  nature. 


In  general,  errors  in  both  azimuth  and  elevation  will  vary  with  antenna  elevation 
angle;  therefore,  errors  are  considered  for  elevation  angles  between  0  and  90°. 


C.2. 2  Combinative  Methods 


The  individual  errors  must  be  combined  to  produce  the  total  noise,  bias,  and  syste¬ 
matic  error,  as  indicated  below: 


a.  Bias  errors.  Each  bias  error  is  assumed  to  be  a  random  variable 
independent  of  all  other  bias  errors.  The  total  bias  error  is, 
therefore,  obtained  by  summing  the  variance  of  the  random  vari¬ 
ables.  The  resultant  sum  yields  the  variance  of  the  total  bias 
error.  The  rms  error  is  then  obtained  by  taking  the  square  root  of 
this  quantity. 


b.  Noise  errors.  Noise  errors  are  combined  in  the  same  manner  as 
bias  errors. 
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o.  Systematic  errors.  Systematic  errors  are  known  and,  as  suoh,  are 
combined  arithmetically  with  consideration  given  to  the  sense  of  the 
error.  For  example,  error  sense  is  chosen  as  follows: 
e  Dish  sag  is  negative  error, 
e  Feed  sag  is  positive  error, 
e  Servo  lag  may  be  either  positive  or  negative. 
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C.3  SUMMARY  OF  TRACKING  ERRORS 

The  rms  noise  and  bias  tracking  errors  and  the  systematic  error  versus  antenna 
elevation  angle  are  presented  in  Tables  C-2  through  C-5.  The  total  error  shown 
at  the  bottom  of  each  column  in  the  tables  is  also  plotted  versus  elevation  angle 
in  Figures  C-l  through  C-4.  For  reference,  error  tables  and  graphs  are  indexed 
as  follows: 


Antenna 

Axis 

Table 

Figure 

High  gain 

Azimuth 

C-2 

C-l 

High  gain 

Elevation 

C-3 

C-2 

Low  gain 

Azimuth 

C-4 

C-3 

Low  gain 

Elevation 

C-5 

C-4 

The  error  tables  present  the  individual  error  sources  under  their  appropriate 
headings.  Error  values  are  listed  under  antenna  elevation  angle  and  error  type, 
i.e. ,  systematic,  bias,  or  noise. 

Examination  of  the  error  curves  (Figures  C-l  through  C-4)  reveals  that  the  total 
elevation  errors  are  well  below  1  mrad  for  all  elevation  angles.  Azimuth  errors 
are  also  below  1  mrad  for  elevation  angles  up  to  about  70°  but  increase  rapidly 
thereafter.  This  large  increase  is  due  to  the  secant  (elevation  angle)  correction 
factor  which  must  be  used  on  most  errors  in  the  azimuth  axis. 

Comparison  of  the  low-gain  and  high-gain  errors  shows  that  noise  errors  exceed 
bias  errors  for  the  low-gain  antenna,  whereas  the  reverse  is  true  for  the  high- 
gain  antenna.  This  is  due,  for  the  most  part,  to  the  large  polarization  and  col- 
limation  errors  (bias)  assigned  to  the  high-gain  antenna,  plus  the  phase  shift  and 
amplitude  unbalance  errors  which  occur  for  the  high-gain  antenna  and  not  for  the 
low-gain  antenna.  On  the  other  hand,  the  receiver  noise  error  for  the  low-gain 
antenna  exceeds  that  for  the  high-gain. 

Since  systematic  error  is  correctable,  it  is  not  considered  as  tracking  error  and 
is  therefore  not  included  on  the  graphs. 
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TABLE  C-2 

HIQH-OAIN  ANTENNA  AZIMUTH  ERRORS 


S  -  Syatamatlc  Error 
B  «  lo  BUi  Error 
N  »  RMS  Noll*  Error 
t  -  Negligible,  under  0. 01  wind 
♦  -  Not  Applicable 


Radio-Frequency  Errors 

1.  Notes  (20-dB  SNR  in  1-kHa  BW) 

2.  Amplitude  Unbslanoe  (0.3  dB) 

3.  Phase  Hilft  (Pre:  S*;  Poeti  10*) 


Propagation  Errors 

4.  Radomo  Retraction 

5.  Atmospheric  Propagation 
0.  Multipath 


Servo  Errors 

7.  Lag  (Alt.  SOOmnl,  Em.v  85*) 

8.  Bias 


Meohatdoal 

9.  Structure  and  Feed 

10.  Acceleration  (Alt,  BOO  nml, 
Emax85,> 


Calibration 

11,  Orthogonality 

12.  Mislevel 

13*  Encoder  Error 

14.  Collimation 

15.  Instrumentation  (Alt.  500  nml, 
Enrnx85*) 

16.  Polarisation 


TOTAL  ERROR 


Azimuth  Error  (mrad) 


B  N  Is  I  B  I  N 


DDDDDUD^^^H 

mmmam 

PlXlilllElllDDBBCQaaES 


0.26  0.075  t  0.36  0.094  t  0.65  0.151  41.05  4.50  0.733 


TABLE  C-3 

HIOH-GAIN  ANTENNA  ELEVATION  ERRORS 


wf>L-Tiwar-i 

Volume !«  Pert  t 


•  gyit.matic  error 
■  to  DU*  Error 

•  RMI  Nolll  Error 

•  Negligible.  under  0,  Al  mnd 


IvHgaV  *HH  i-.il  J 


Radlo-Froquenoy  Error* 

1.  Not**  (SO-dD  SNR  U  1-kH*  BW) 
I.  AmpUtud*  UnheUnce  (0,8  dB) 

8,  FDoa*  Bilft  (Prat  8',  Pott:  10*) 


Prop*|ttioa  Error* 

4.  Radom.  R* (motion 
8,  Atmospheric  Propagation 
6,  Multipath 


Servo  Error! 

7.  Lag  (Alt,  800  uni,  E^  88*) 

8.  Biaa 


Mechanical 

8.  Structure  and  Food 
10.  Acceleration  (Alt,  SCO  uni, 
Emnx8V> 


Calibration 

11.  Orthogonality 

15.  Mlelevel 

13.  Encoder  Error 

14.  Colllmation 

18.  Instrumentation  (Alt.  800  nml, 

E  88*) 
max  ' 

16.  Polarisation 


TOTAL  ERROR 


TABLE  C*4 

LOW-QAIN  ANTENNA  ABIMUTH  ERROR* 


Aatmutk  Error  bond) 


El.  -  5*  H.  -  It*  El.  *  48* 


B  N 


t 

* 

0.61 

* 

■  * 

0.03 

0,01 

* 

t 

* 

t 

* 

0.01 

0.  39 

0e01 

* 

0.03 

.  * 

♦ 

0.03 

0,01 

■  » 

t 

* 

4 

4 

0.03 

0.80 

0.11 

* 

0.34 

* 

• 

0.03 

0.11 

+  ; 

0.44 

« 

t 

* 

TABLE  C-B 

LOW-GAIN  ANTENNA  ELEVATION  ERRORS 


Elevation  Error  (mrad) 


El.  j»  48* 


Radio-Frequency  Errors 

1.  Noise  (20-dB  SNR  In  1-kH*  BW) 

2.  Amplitude  Unbalance  (0.3dB) 

3.  Phase  Shift  (Pre:  5*;  Post:  10") 


Propagation  Errors 

4.  Radome  Ho  fraction 

5.  Atmospheric  Propagation 

6.  Multipath 


Sorvo  Errors 

7.  Lag  (Alt.  600  nml,  Em#Ji  85*) 

8,  Bias 


Meohanioal 

9.  Structure  and  Feed 

10.  Acceleration  (Alt.  500  nml , 

E  85") 

max  ’ 


Calibration 

11.  Orthogonality 

12.  6.  jvel 

13.  Enooder  Error 

14.  Colllmation 

18.  Instrumentation  (Alt.  600  nml. 
E  85”) 
max 

16.  Polarization 


TOTAL  ERROR 


t 

* 

0.03 

* 

• 

0.03 

0.17 

* 

t 

* 

t 

• 

0.17 

0.37 

+3.04  0.17  0.82  +0.84  0,17  0.37  +0.43  0.17  0.36  +0.32 


t 

* 

0.03 

4 

« 

0.03 

0.17 

♦ 

t 

* 

t 

* 

0.17 

0. 36 

t 

* 

0.03 

* 

* 

0. 03 

0.17 

♦ 

t 

* 

t 

* 

0. 17 

0.36 
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At  first  glance,  the  azimuth  error  at  high  elevation  angles  seems  excessive. 
However,  most  passes  track  at  the  lower  elevation  angles  where  the  error  is  low 
and,  for  those  passes  where  elevation  angle  exceeds  70° ,  the  duration  of  time  that 
the  angle  is  above  70°  is  small  oompared  to  total  pass  duration.  Thus,  only  a 
small  part  of  the  azimuth  angle  data  is  degraded  by  error  in  exoess  of  1  mrad. 


Figure  C-1  Azimuth  Error  v«  Elevation  Angle 
(High-Gain  Antenne) 


Figure  C-3  Azimuth  Error  vt  Elevation  Angle 
(Low-Gain  Antenna) 


Figure  C-2  Elevation  Error  vt  Elevation  Angle 
(High-Gain  Antenna) 
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Figure  C-4  Elevation  Error  vt  Elevation  Angle 
(Low-Gain  Antenna) 
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C.4  THERMAL  ERRORS 

This  analysis  considers  the  error  contribution  of  receiver  thermal  noise  to  angle 
tracking  for  both  the  simultaneous  lobing  high-gain  SOLS  configuration  and  the 
conical-soan  low-gain  configuration.  In  eaoh  case  both  ooherent  (phase-look)  and 
correlation  detection  techniques  are  analyzed  to  obtain  tracking  error  due  to 
thermal  noise. 

To  make  the  mathematics  manageable  and  still  obtain  valid  results  for  the  speoific 
SOLS  System  application,  the  analysis  and  equations  utilized  assume  that: 

e  Received  RF  signals  are  of  constant  peak  amplitude,  with  informa¬ 
tion  contained  in  either  frequency  or  phase  modulation. 

e  IF  passbands  are  square  (i.  e. ,  ignore  rolloff). 

•  Noise  is  white  gaussian  throughout  the  passband. 

•  Automatic  gain  control  eliminates  any  variation  of  servo 
system  gain  with  signal  strength. 

Results  are  plotted  on  graphs  showing  rms  angle  error  as  a  function  of  signal-to- 
noise  ratio  in  the  tracking  bandwidth  for  phase -lock  tracking,  and  in  the  IF  band¬ 
width  for  correlation  tracking. 

C.4.1  High-Gain  Configuration 

Angle  tracking  by  the  high-gain  SGLS  configuration  utilizes  amplitude  comparison 
simultaneous  lobing  techniques  with  selectable  coherent  or  correlation  detection 
modes  available.  Each  of  these  detection  modes  will  be  analyzed  in  the  following 
paragraphs. 
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Figure  C-5  Tracking  Loop  for  Simultaneous  Lobing  (Coherent  Detection) 

mm 


Coherent  Detection 

Figure  C-5  is  a  simplified  block  diagram  of  one  channel  of  the  tracking  loop  for  the 
coherent  detection  mode  of  operation  and  will  represent  the  configuration  for  an¬ 
alysis.  The  coherent  reference  is  derived  from  a  phase-locked  loop  tracking  the 
sum  channel  carrier.  The  angle  tracking  error  of  concern  is  the  angle  (0)  between 
the  target  angle  referred  to  some  arbitrary  zero  reference  (0^  and  the  boresight 
angle  (0bg)  referred  to  the  same  zero  reference. 

A  convenient  expression  (developed 
by  Develet  in  Reference  1  but  mod¬ 
ified  slightly  to  account  for  unequal 
noise  density  in  the  sum  and  difference 
channels)  for  calculating  the  mean 
square  of  the  error  can  be  applied 
to  the  SGLS  system  problem  as 
follows; 


R.latlv.  Gain 
♦ 

I 


Figure  C-6  Typical  Amplitudes  for  Sum  and 
Individual  Lobe  Patterns 
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what* 

*rn«  *  Qxu-'quar*  error  Ln  either  ulmuth  or  elevation  (rad*) 
t  *  turn  utaana  bius  pattern  (ri4  it  tha  S-dB  baamwidth 

dBfl  «  oroaaovar  point,  in  daelbala  down  (tom  the 

mtxl mum  point  of  tha  Individual  lob*  pattern  (in  Figure  0-6) 

t  «  ratio  of  nun  p  Otars  J-dB  baimwldth  to  individual  lob*  p attars 
3-dB  baimwidth 

J0  ■  Banal  function.  naro  ordar 

*k  ■  tha  It**1  modulation  indax  ot  the  lalormitiao phtea  or 
iraquanoy  modulatioa  (r«d) 

*d  •  dtffarano*  ohannal  not**  danatty  »  KTd  (watta/Hi) 

Bb  •  aarvo  sola*  bandwidth  (Ha) 

8  «  total  raoaivad  aignal  paver  on  boraalfht  (watta) 


(Cal) 


Equation  (C.l)  can  be  rewritten  in  terms  of  carrier  power,  SQ  ,  from  the  relation 


(C.2) 


Equation  (C.2)  indicates  the  power  remaining  in  the  carrier  spectral  component 
after  multiple  subcarrier  phase  modulation. 


Equation  (C.l)  then  reduces  to 

d2  m  5 _  *dBn 

rms  2(dB^/32(ln  2)(ln  10)  Sc 


(C.  3) 


Table  C-6  lists  the  values  and  reference  sources  of  these  parameters  for  the  high- 
gain  configuration. 

TAB1.E  C-6 


COHERENT  DETECTION  (H1QH-OAIN  CONFIGURATION) 


Paramatar 

Value 

Souro* 

$ 

9. 6  mrad 

Multipurpose  load  aoectflcatlosa, 

WDL-98  -161345A  -  03  (Raf .  2) 

«“o 

2.2  dfi 

Daalgn  Criteria  tor  large  multlpurpoaa 
tracking  antenna,  WDL-TR1368 
(Rei,  3) 

fl 

1.4 

Baaad  on  gauaatin  approximation  lor 
tha  individual  bad  clement  pattern* 

(Fig.  C-6) 

Bn 

2.6  Ha 

Eatlmated  maximum  bandwidth  for 
high-galn  antenna 

V*d 

0.416 

Section  3, 3. 1  o!  this  report,  on  ayatem 
noli*  temperature 
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8inoe  it  will  be  oo&venient  to  conaider  angle  tracking  error  in  terms  of  carrier- 
to-noise  ratio  (C/N)  in  the  sum  channel  phaae-lock-loop  (PLL)  tracking  bandwidth, 
the  following  additional  definition  is  required: 


where  Bt  is  the  phase -look  tracking  bandwidth  and  4>g  is  the  noise  density  in  the 

sum  channel  (which  also  equals  KT  ) , 

s 

Note  that  the  ratio  4^/4^  may  be  replaced  in  Equation  (C.4)  by  T  /T^  , 
since  4>g=KTg  and  KT^,  where  K  is  Boltzmann's  constant  (1. 38  x  10“^ 
joule/°K),  Tj  is  the  difference  channel  noise  temperature  (°K),  and  T  is  the 

M  S 

sum  channel  noise  temperature  (°K). 


Substitution  of  these  values  in  Equation  (C.  3)  yields 


e 


2 

rms 


8.4  xlO"5 


(C.5) 


where  N/Sc  is  the  noise -to -carrier  ratio  in  the  sum  channel  phase -lock-loop 
bandwidth.  Figure  C-7  is  a  graph  of  Equation  (C.5)  for  a  range  of  signal-to-noise 
ratios  measured  in  the  two  available  phase -lock-loop  bandwidths. 


For  a  multiple-axis  antenna  system  the  above  result  is  valid  only  when  the  antenna 
boresight  is  orthogonal  to  the  axis  under  consideration.  Thus  for  an  az-el  antenna 
it  is  true  only  for  zero  elevation  angle.  At  elevations  other  than  zero,  the  rms 
azimuth  error  must  be  modified  by  the  secant  of  the  elevation  angle  as  follows: 


Azimuth  rms  angle  tracking  error  =  9 _ _  secant 

rms  n> 

where 

0rms  =  rms  angle  tracking  error  at  zero  degrees  elevation 
=  elevation  angle  (deg) 

C-ll 


PHIL.CO 


(C.6) 


PHILCC3  »  nun  CORPORATION 


WDL  Division 


WDL-TR8227-1 
Volum*  1,  Part  2 


Figure  C-7  Carrier-to-Noise  Ratio  vt  Rm«  Angle  Error 
(High-Gain  Antenna  -  Coharant  Dttactlon) 


A  curve  of  rms  azimuth  error  versus  antenna  elevation  angle  is  given  in  Figure 
C-8  for  the  case  where  SNR  =  20  dB  in  1000  Hz  tracking  bandwidth. 


Figure  C-8  Receiver  rmt  Noise  Error  vs  Antenna  Elevation  Angle  (High-Gain  Antenna) 
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Croasoorrelatlon  Detection 


Whan  tracking  is  in  the  croasoorrelatlon  mode  using  the  tracking  configuration  of 
Figure  C-9,  the  angle  error  due  to  thermal  noise  can  be  calculated  from  the  fol¬ 
lowing  expression  (Reference  1) : 


rras 


2<dB0) 


r  (In  2)  (In  10) 


(.  •  (¥») 


(C.7) 


where  BWjp  is  the  intermediate  frequency  noise  bandwidth  in  hertz. 


Note  that  the  expression  for  angle  error  in  the  crosscorrelation  mode,  Equation 
(C.  7),  is  similar  to  the  error  expression  of  the  coherent  mode,  Equation  (C.  1) , 
except  that  noise  in  the  sum  channel  as  well  as  the  difference  channel  enters  into 
the  equation,  total  signal  power  is  now  of  concern,  and  the  signal-to-noise  ratio 
is  defined  in  the  IF  bandwidth. 


Boretlght 

0°  Angular 
Reference 


Figure  C-9  Tracking  Loop  for  Simultaneous  Lobing  (Correlation  Detection) 
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TAIII-K  l’*T 

rmmst  »MUU:i,ATUm  DETECTION  (ttKlII-UAIN  rnNPUll  HA*  ION 


I'maiM'U'r 

Value 

SnM  hr 

0 

H,it  mi*ml 

a,  imricM) 

a.aiin 

Wm.-TIU.U1H  (Hef,  pp,  .VU) 

11 

1.4 

IlHmsI  on  gmiMHinn  approximation  for  the 
individual  fowl  element  pattern*  (Fig.  t‘-ni 

:i  Mil/. 

:tr,  Mil-/ 

UHARE  specification,  WDl.-OIMiMMUA 
(Hof,  4,  page  12) 

\ 

a,  r,  \\* 

Estimated  mitxlimim  humhMdth  for  high* 
gain  sntrnnn 

Paragraph  ;1, II,  1  of  this  report,  on  system 
noise  temperature 

Table  C-7  lists  the  values  and  reference 
sources  of  the  parameters  for  the  high- 
gain  configuration  when  operating  in  the 
orosscorrelation  mode.  (Note  that 
values  for  ip,  dBc  ,  /3,  Q,  and  Bn 
are  independent  of  detection  mode  and 
are  repeated  in  the  table  for  convenience. 


Substituion  of  these  values  into  Equation  (C.7)  yields 


2 

rms 


8.4  x  10“5 


JL 

s 


_!cl_ 

*sBWIF 


(C.  8) 


where  N/S  is  the  noise -to-signal  ratio  in  the  IF  bandwidth  BWjp  (sum  channel). 

Figure  C-10  is  a  graph  of  Equation  (C.  8)  for  the  three  available  IF  bandwidths  of 
0.5,  3,  and  35  MHz.  Modification  of  Equation  (C.8)  by  the  secant  of  the  elevation 
angle  as  in  Equation  (C.6)  gives  the  azimuth  angle  error  in  terms  of  elevation  angle. 


Figure  C-10  IF  Bandwidth  SNR  v*  Rmi  Angle  Error  (High-Gain  Antenna  -  Correlation  Detection) 
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C.4.2  Low-Gain  Configuration 


The  low-gain  configuration  employs  the  oonloal  scanning  technique  and,  as  in  the 
high-gain  configuration,  both  coherent  and  crosscorrelation  detection  modes  are 
available.  Figure  C-ll  is  a  simplified  block  diagram  of  the  conical-scan  angle 
tracking  system.  In  the  following  paragraphs  the  rms  error  due  to  thermal  noise 
is  determined  for  each  detection  mode. 


Bortilght 

0°  Angular 
Reference 


Figure  C-1 1  Tracking  Loop  for  Conical  Scan  Angle  Tracking 


Coherent  Detection 


The  mean -square  angle  error  due  to  noise  is  calculated  from  the  following  expres¬ 
sion  (Develet,  Reference  1): 

-  Jg"B  rad*5  (C.  9) 


PHILCO  | 


9 


5  oi 


rms 


(dB^  (In  2)  (In  10) 


ft  *.■ 

k=l  ° 
C-15 


(V 


RH1LC2U  f-'  fRD  CJORF*eHAI  lOM 


WDL  Division 


WDL-TR3227-1 
Volume  I,  Part  2 


where 

$n  =  noise  density  =  KTS 
a  =  3dB  beam  width  of  the  antenna  beam 


See  Paragraph  C.  1  for  definition  of  other  terms. 


Equation  (C.  9)  can  be  simplified  using  Equation  (C.2)  to  become 


. ,  i. ..  &P! . .  /.  n  n  \  ^2  jq. 

®rms  (dB^  (In  2)  An  10)  y  Sc  j  rm 

Table  C-8  lists  the  values  and  reference  sources  for  the  low-gain  configuration 
parameters. 

As  in  Paragraph  C.4.1,  under 
’’Coherent  Detection,  ”  it  will  be  con¬ 
venient  to  plot  the  error  versus 
carrier -to -noise  ratio  in  the  phase- 
lock -loop  tracking  bandwidth. 


TABLE  C-H 

COHERENT  DETECTION  (LOW-GAIN  CONFIGURATION) 


Parameter 

Value 

Source 

C> 

0. 04  rad 

WDL-CP-KUTOl  (Hof.  li) 

1.  :i  dB 

Wm.-CP-llll?(ll  (Hof.  r.) 

"n 

3.2  Hz 

Estimated  maximum 
bandwidth 

(C.ll) 


Equation  (C.10)  becomes,  after  substitution, 


2 

6 

rms 


1.24 x  10 


-2  N 
BtSc 


(C .  12) 


where  N/S  is  the  noise -to -carrier  ratio  in  the  phase-lock  tracking  bandwidth, 
c 
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Figure  C-12  Carrier-to-Nolse  Ratio  vi  Rmi  Angia  Error 
(Low-Gain  Antenna  -  Coherent  Detection) 


Figure  C-12  presents  a 
plot  of  Equation  (C.  12)  for 
tracking  band  widths  of 
200  and  1000  Hz.  Equa¬ 
tion  (C.  12)  is  modified  by 
Equation  (C.6)  for  azi¬ 
muth  error  at  elevation 
angles  above  zero  degrees 
elevation.  Figure  C-13 
gives  a  plot  of  azimuth 
error  versus  antenna 
elevation  angle  for  a 
SNR  of  20  dB  in  a  1000-Hz 
tracking  bandwidth. 


Square  Law  Detection 


The  SGLS  wideband  tracking  mode  for  coni  cal -scan  tracking  utilizes  square 
law  detection  to  demodulate  the  amplitude-modulated  error  signal.  The  mean 
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Figure  C-13  Receiver  rms  Noise  Error  vs  Antenna  Elevation  Angle  (Low-Gain  Antenna) 
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square  angle  error  due  to  noise  is  calculated  from  the  following  expression: 


92  3a2 _ 

srms  (dB^  (In  2)  (In  10)  y1  2S  M  s0 


(C.1E 


To  obtain  a  plot  of  error  versus  signal -to -noise  ratio  in  the  IF  bandwidth 
requires  Equation  (C.13)  to  be  modified  In  the  same  manner  as  Equation  (C.8). 
When  this  is  done,  the  following  results: 
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C.4.3  Angle  Traoklng  Error  Due  to  Phase  Shift  and  Amplitude  Unbalance 

The  effects  of  phase  shift  and  gain  variations  on  traoklng  acouraoy  of  the  high-gain 
antenna  are  treated  in  Appendix  D.  The  results  of  this  investigation  applied  to 
the  SOLS  are  summarized  in  Table  C-9. 


TABLE  C-9 

SUMMARY  OP  ANGLE  TRACKING  ERR0R8  DUE  TO  PHASE  8HIPT 
AND  AMPLITUDE  UNBALANCE  (HIGH-GAIN  ANTENNA) 


_ -  iksaitH 

Parameter 

Parameter 

Value 

Si  Hirer 

Anuletraek  Error 
(hnroHlRlit  Sill  ft) 
(mrnil) 

Change  III 
Error 
(irmllcnl 

wm 

I’l'tntomiMiratnr 
IMmtti'  Shift 

PoHlimmp&rator 
Pint  mo  Shift 

i.r 

no- 

MI'P  Slier. 

wrn.iw- 

tr>i;t-tr.A-(i:i 

(iltAHK 
pim  Hr  niljimt 

eleeultry 

(O.ilin  mrtid  peak 

10.03  mrad  I'rrm 

(i.  i  dn 

PreenmiMrator 

Amplitude 

linhntance 

u.  mm 

KniinmU* 

Hl.10  mratl  peuk 

Ml.Ofi  mriul  i'iiik 

N/A 

PoHtfomimrntor 
'Am pi  It urii' 
Unlmlnnvc 

(in 

GIIAKE 

Slier. 

WDI.-GP- 

IIWIMIIA 

N/A 

til  (III 

Tracking  errors  due  to  phase  shift  and  gain  variations  in  the  azimuth  axis 
increase  with  the  secant  of  the  elevation  angle.  Figure  C-15  is  a  plot  of  these 
errors  versus  elevation  angle. 
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Figure  C-15  Phew  Shift  end  Amplitude  Unbalance  Tracking  Error*  (Azimuth  Axil)  vs  Elevation  Angle 
(High-Gain  Antenna) 
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C .  5  PROPAGATION  ERRORS 

C.5.1  The  Atmosphere  and  Its  Effeot  on  Propagation 

In  the  atmosphere,  the  regions  that  influence  and  affect  radio  wave  propagation 
are  the  troposphere  and  the  Ionosphere.  The  major  effects  produced  by  the  pas¬ 
sage  of  waves  through  these  regions  appear  as  angular  refraction,  time  delays , 
doppler  errors,  polarization  rotations,  attenuation,  and  reflections. 

The  ionosphere  and  the  troposphere  exhibit  both  long-term  and  short-term  varia¬ 
tions  with  time  (irregularities).  Because  of  these  variations,  propagation  efforts 
cannot  be  predicted  exactly.  In  addition,  the  variations  of  the  atmospheric  condi¬ 
tions  with  altitude  are  known  only  approximately ,  especially  in  the  case  of  the 
ionosphere. 

The  atmosphere  is  generally  considered  (at  least  for  purposes  of  calculation)  to 

be  spherically  stratified.  The  assumptions  of  layer  boundaries  differ,  although 

the  effects  of  the  differences  are  slight.  The  density  of  the  atmosphere  decreases 

more  or  less  exponentially  with  height,  so  that  at  a  height  of  35  nmi  (nautical  miles) 

-4 

the  density  is  only  about  10  that  at  the  earth's  surface.  Essentially  all  of  the 
water  vapor  and  precipitation  occurs  below  6  nmi .  The  propagation  effects 
resulting  from  molecular  or  larger  particles  can  be  considered  to  occur  below 
35  nmi.  Ionization  of  the  atmosphere  occurs  above  this  height,  resulting  in  a 
sufficiently  large  density  of  free  electrons  to  seriously  affect  radio  waves.  Con¬ 
sequently,  it  is  convenient  to  divide  the  atmosphere  into  two  parts:  the  troposphere, 
defined  as  extending  from  the  ground  up  to  35  nmi ,  and  the  ionosphere,  extending 
on  up  from  there  (Reference  6).  Millman  (Reference  7)  makes  the  assumptions 
that  (1)  the  troposphere  extends  to  approximately  100,000  ft  (16.5  nmi)  with 
refractive  index  decreasing  uniformly  with  height;  (2)  the  ionosphere  lies  between 
85  to  1000  km  (about  45  to  550  nmi)  with  a  minimum  refractive  index  at  the  level 
of  maximum  electron  density;  and  (3)  free  space  or  a  region  of  unity  refractive 
index  prevails  between  the  tropospheric  and  ionospheric  regions . 
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The  regular  troposphere  affects  the  transmission  of  radio  waves  chiefly  through 
refraotion.  In  general,  the  apparent  elevation  angle  of  a  distant  target  or  souroe 
is  greater  than  the  true  angle,  beoause  the  average  refraotive  index  of  the  tropo¬ 
sphere  deoreases  with  increasing  height.  The  average  magnitude  of  the  angular 
oorreotion  depends  upon  the  air  mass  through  whioh  the  signal  passes,  the  mag¬ 
nitude  decreasing  with  increasing  geographic  latitude.  The  refraction  at  radio 
frequencies  is  due  mainly  to  water  vapor  and  is  substantially  independent  of 
frequenqy  below  about  15  GHz. 

The  x-ray  and  ultraviolet  radiation  from  the  sun  is  selectively  absorbed  by 
molecular  constituents  of  the  upper  atmosphere  to  produce  ionization  and 
dissociation  of  the  molecules.  Because  of  the  selective  absorption  of  the  partic¬ 
ular  constituents,  the  ionization  is  concentrated  in  certain  layers.  These 
layers  and  their  average  heights  are:  (1)  the  D  layer  at  about  46  nmi,  (2)  the  E 
layer  at  about  58  nmi,  (3)  the  layer  at  about  100  nmi,  and  (4)  the  Fg  layer  at 
about  150  nmi.  The  Fg  layer  is  more  intense  that  any  other,  and  is  responsible 
for  about  90  percept  of  ionospheric  refraction  deviation  for  signal  sources 
above  150  nml  (Reference  6). 

The  ionosphere  can  cause  total  reflection  at  lower  radio  frequencies  (HF) ,  but  it 
contributes  only  slightly  to  the  total  atmospheric  bending  at  S-band. 


/ 

/ 
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Angle  Deviations 

A  typical  ray-path  trajectory  of 
radio  waves  traversing  the 
atmosphere  in  a  vertical  plane 
is  shown  in  Figure  C-16  (Refer¬ 
ence  6).  From  considerations  of 
path  geometry,  based  on  various 
assumptions,  many  equations 
giving  angular  refraction  oan  be 
derived.  Several  such  equations 
have  been  derived,  varying  in 
degree  of  complexity  and  accuracy 
(References  6,  7,  8  and  9). 

Earth 

Smyth  Research  Associates  Fi8ur,  c_16  TvpiC.i  R.y-Peth  Trajectory 

investigated  3  years  of  data  ob¬ 
tained  from  at  least  daily  radio¬ 
sonde  ascents,  at  several  northern 

stations,  and  found  the  data  distributions  to  be  very  nearly  normal  (Reference  10). 
This  information  was  then  presented  statistically  by  tabulations  of  median  values 
and  standard  deviations.  Figure  C-17  shows  the  maximum  and  minimum  means 
for  Fairbanks,  Alaska,  over  the  3-year  period,  based  on  the  arbitrary  assumptio 
that  the  top  of  the  troposphere  is  at  300,  000  ft. 

Continual  changes  in  the  physical  structure  of  the  troposphere  cause  the  instan¬ 
taneous  ray  path  to  deviate  about  its  mean  position.  Fluctuations  about  the 
mean  are  about  0.2  mrad  at  56  elevation,  decreasing  to  about  0. 005  mrad  at  the 
vertical  (Reference  9).  The  mean  period  of  the  fluctuations  is  of  the  order  of 
seconds  (Reference  11).  It  should  be  noted  that  the  refraction  errors  are  the 
same  throughout  the  VHF  and  UHF  bands,  and  up  to  about  30  GHz. 
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Flgurs  C— 17  Tropo*>h»ric  Refraction  Error  for  A  Standard  Atmosphere 


Results  of  a  study  on  the  use  of  surface 
refractivity  to  predict  tropospheric 
refractive  error  are  shown  in  Figure 
C-18. 

The  ionospheric  angular  error  is  in¬ 
versely  proportional  to  the  frequency 
squared.  The  angular  error  is  maxi¬ 
mum  in  the  vicinity  of  the  maximum 
ionization.  Millman  (Reference  7) 
has  presented  several  curves  of  ionospheric  refraction  errors  as  a  function  of 
target  height  (to  550  nmi)  for  typical  daytime  and  nighttime  electron  density 
distributions.  Figure  C-19  shows  these  errors  as  a  function  of  elevation  angle 
for  a  target  at  a  height  of  540  nmi. 


Figure  C-18 


Total  rm*  Error  in  the  Predicted  Fraction 
at  2-GHz 
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Figure  C-19  Ionospheric  Refraction  Errors 


Conclusions 


As  Figure  C-19  indicates,  the  error  due  to  ionospheric  refraction  is  insignificant 
at  S-band  and  will  therefore  be  ignored.  Tropospheric  refractive  errors,  how¬ 
ever,  are  significant  at  elevation  angles  below  20°  and  must  be  considered.  Since 
these  errors  are  predictable  with  an  uncertainly  of  about  10%,  they  are  regarded 
in  this  analysis  as  systematic  errors  with  a.  noise  component.  The  systematic 
error  is  determined  from  the  curve  in  Figure  C-17,  and  the  noise  error  is 
determined  from  Figure  C-18. 

C.5.2  Angle  Tracking  Errors  Caused  by  Multipath  at  5°  Elevation  Angle 

The  angle  tracking  errors  incurred  in  the  SCF  antenna  tracking  systems  due  to 
multipath  are,  in  general,  complex  functions  of  pointing  direction,  the  surround¬ 
ing  terrain  and  its  moisture  content,  obstructions ,  the  individual  antenna  pat¬ 
terns  and  polarization,  signal  polarization,  etc. 
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For  this  report  multipath  errors  are  considered  to  be  oaused  by  ground  reflections 
from  an  assumed  "level"  earth  surrounding  the  antenna  site.  Ground  reflections 
cause  an  amplitude  and  phase  unbalance  in  the  conical-scan  beam  or  monopulse 
beams,  which  in  turn  can  result  in  an  angular  error  between  the  apparent  and  true 
boresight  directions. 

At  an  antenna  elevation  angle  of  5s,  the  energy  available  as  interference  is  the 
energy  entering  the  antenna  pattern  at  an  angle  10A  off  boresight.  All  of  this 
energy,  however,  does  not  necessarily  cause  interference.  Some  of  the  energy 
is  lost  due  to  absorption  in  the  ground,  generally  as  a  function  of  moisture  con¬ 
tent,  and  a  certain  amount  is  effectively  lost  due  to  polarization  change  at  the 
point  of  reflection.  (The  SCF  systems  of  concern  employ  circular  polarization. ) 


The  value  of  ground  reflection  loss  due  to  absorption  is  a  complex  function  of  the 
dielectric  constant  and  conductivity  of  the  earth,  the  frequency,  the  plane  of 
polarization,  and  the  angle  of  incidence.  The  ground  constants  depend  primarily 
on  the  type  of  terrain  and  its  chemical  composition,  i.e. ,  salinity  and  moisture 
content,  etc.  A  conservative  value  of  ground  reflection  loss  of  5  dB  is  assumed 
in  this  analysis. 

An  estimate  of  the  boresight  shift  due  to  multipath  can  be  obtained  following  the 
procedure  outlined  in  Reference  12.  Boresight  error  is  taken  as  approximately: 


Boresight  (elevation)  error  =1.85 


half  power  be  am  width 


where  |Er  |/|  |  is  the  reflected-wave  to  direct-wave  voltage  ratio  after 

modification  by  the  antenna  pattern.  The  reflected  wave  will  be  assumed  to  be 
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attenuated  5  dB  by  losses  in  the  earth,  and  further  attenuated  by  the  antenna 
response  to  signals  10°  off  the  axis  of  the  main  beam. 

The  10°  response  of  the  high-gain  antenna  is  near  -40  dB,  and  the  value  of 
|Erj/|Ed|  will  be  -45  dB.  With  0.  55°  beamwidth,  the  elevation  error  for  the  high- 
gain  antenna  is  estimated  to  be  0.048  mrad. 


The  10°  response  of  the  low -gain  antenna  is  near  -30  dB,  so  the  value  to  |Er|  /|Ed| 
will  be  -35  dB.  With  2.3°  beamwidth,  the  elevation  error  for  the  low-gain 
antenna  is  estimated  to  be  0.66  mrad. 


C.5.3  Radome  Refraction 
High -Gain  Antenna 

The  high-gain  (TT&C)  antenna  is  equipped  with  an  ESSCO  Model  M110-86  Metal 
Space  Frame  Radome.  This  radome  consists  of  620  reinforced  fibrous  glass 
panels,  with  radial  metal  flanges,  bolted  together  and  attached  to  a  75.5-ft- 
diameter  base  ring.  The  completed  assembly  is  a  110-ft  truncated  sphere  rising 
approximately  95  ft  above  the  base  ring.  Additional  features  of  interest  include 
windows  for  boresight  and 
safety  hardware  such  as 
lightning  rods  and  aircraft 
warning  lights  mounted  on 

the  apex.  I 

1 

The  specified  (Reference  J 

13)  boresight  shift  perfor¬ 
mance  is  shown  in  Figure 
C-20.  No  experimental 
data  have  been  collected  in 
the  SCF;  however,  Refer¬ 
ences  14  and  15  state  that 
for  this  radome,  rms  errors 
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Figure  C-20  Allowable  Redome  Boreiight  Shift  (High-Gain  Antenna) 
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on  the  order  of  0.  05  mrad  in  both  azimuth  and  elevation  are  normal  for  the  2-GHz 
region  with  maximum  errors  of  0, 1  mrad.  The  rms  error  was  used  In  the  angle 
tracking  error  analysis  for  the  high-gain  TT&C  antenna. 

Since  lightning  rods  and  warning  lights  are  attached  at  the  apex  of  the  radome, 
they  will  generally  be  in  the  tracking  "keyhole"  and  errors  attributed  to  them  may 
be  neglected.  It  can  be  expected,  however,  that  maximum  errors  as  great  as 
0.2  mrad  may  be  experienced  in  areas  where  boresight  windows  are  attached. 

Low-Gain  Antenna 


The  low-gain  Prelort  antenna  is  equipped  with  an  Air  Force  Nomenclature  CW- 
531/GP  radome  manufactured  by  Long  Sault  Woodcraft.  The  radome  is  a  rigid 
urethane  foam  structure  mounted  on  a  22-ft  base  ring.  The  complete  assembly 
is  a  26.  5-ft  truncated  sphere  rising  20.  5  ft  above  the  base  ring. 

The  specified  (Reference  5)  boresight  shift  in  the  2-GHz  region  is  0.  22  mrad. 
Results  of  tests  on  this  radome  conducted  by  the  National  Research  Council  of 
Canada  indicate  an  rms  error  of  0. 07  mrad  with  maximum  shift  exclusive  of 
attach  structures  of  0.22  mrad.  The  rms  error  was  used  in  the  angle  tracking 
error  analysis. 

Again,  the  errors  attributed  to  lightning  rods  and  warning  lights  may  be  neglected 
since  they  are  in  the  tracking  keyhole.  However,  errors  as  great  as  0.53  mrad 
were  reported  in  the  vicinity  of  radome  windows. 
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C.6  SERVO  ERRORS 
C.G.l  Servo  Lag 

Servo  lag  is  the  term  applied  to  the  angle  traoklng  error  incurred  due  to  the 
characteristics  of  the  servo  system  when  tracking  a  moving  vehicle.  The  azi¬ 
muth  and  elevation  servo  loops  are  both  type  2  servos  which  suffer  a  steady 
state  loop  error  due  to  vehicle  acceleration  but,  theoretically,  not  to  a  steady 
vehicle  velocity. 

Tracking  error  is  calculated  from  the  equation: 

! '  ■'  Servo  lag  traoklng  error  =  angular  aooeleratlon 

l.  , 
l  ,  . 

where  K„  is  the  loop  acceleration  error  constant.  The  required  antenna  acoel- 

LX  i  ; 

eration  in  each  aids  is  determined  by  the  orbit  of  the  vehicle  being  tracked.  Low- 
altitude  orbits  passing  close  to  the  zenith  place  the  most  stringent  tracking 
requirements  on  the  antenna  servo.  Calculation  of  servo  lag  error  requires  that 
the  azimuth  and  elevation  accelerations  be  determined  for  typical  satellite  orbits. 
The  required  data  are  now  developed  in  general  terms  based  on  the  geometry  of 
the  vehicle -to -tracking  antenna  relationship, 

Basic  Tracking  Equations 


Equations  for  the  servo  requirements  of  an  az-el  antenna  that  is  tracking  a  satel¬ 
lite  are  quite  complex.  Some  parameters  that  affect  the  final  relationship  are 
the  orbit  eccentricity,  vehicle  height  above  the  earth,  rotation  of  the  earth,  and 
the  position  of  the  antenna  on  the  earth.  For  this  report,  a  first  order  approxi¬ 
mation  will  be  used  to  determine  error.  The  geometry  of  the  problem  is  illus¬ 
trated  in  Figure  C-21. 
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DEFINITION  OF  TERMS 


A  distance  from  the  earth's  center  (0)  to  the  spececieft  (S) 

R  radius  of  the  earth 

0  center  of  the  earth 

0*  canter  of  tracking  device 

angle  subtended  by  a  line  (00‘)  from  the  earth's  center 
through  the  tracking  device  and  a  line  (OS)  from  the 
earth's  canter  through  the  spacecraft 

1 1>0  minimum  value  of  4>  attained  for  a  given  trajectory  (for  u,  -  0) 

p  angle  subtended  by  a  line  (00')  from  the  earth's  canter  through 
the  tracking  device  and  a  line  (0‘S)  from  the  tracking  device 
through  the  spacecraft 

Q  azimuthal  bearing  of  the  spacecraft  from  the  tracking  device 
u  angular  velocity  with  which  the  spacecraft  travels  about  the  earth 
t  time  (t  =  0  when  the  spacecraft  reaches  angle  >Pa) 
r  slant  range  from  the  tracker  to  the  spacecraft 
ue  earth's  angular  velocity 

FGS  plane  that  it  perpendicular  to  the  line  00'  and  its  extension 
(the  local  zenith  of  the  tracking  device)  at  point  G  and  that 
intersects  line  OS  at  point  S 

F  a  point  on  a  line  that  is  intersected  by  the  orbital  plane  and 
the  plane  FGS;  F  also  lies  on  line  OS  when  ip  is  a  minimum 

G  a  point  on  line  00'  and  its  extension  that  is  intersected  by 
plane  FGS 


Figure  C— 21  Geometry  of  Vehlcle-to-Tracking-Antenna  Relationship 
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From  the  definitions  In  Figure  C-21  and  the  geometry  of  the  problem  the  follow¬ 
ing  equations  are  derived  (Reference  3): 


9  =  tan 


■1  /tan  cut  \ 


(C. 16a) 


9  = 


cu  sin  0 


2  2  2 
sin  i (i  oos  cut  +  sin  out 


(C.  16b) 


9  = 


2  2 

-2cu  sin  0Q  (1  -  sin  ipQ)  (sincut  oos  cut) 

o  2  2  2 

(sin  0Q  cos  cut  +  sin  cut) 


(C.  16c) 


0  =  sin 


-1 


,  2,  2  .  \  1/2 
1  -  COS  0  cos  cut 
o 

o  o 

+  A  -  2  RA  cos  0Q  cos  cuty 


(C.16d) 


0  = 


cu  cos  0„  sin  cut 
To 


A2  -R2 


2  2  \  2  2 
cos  0Q  cos  cut  y  A  +R  -  2  AR  cos  0Q  coscuty 


(C.  16e) 


CU  COS  0 


2  2 
COS  l/>0  cos  cot) 


i+- 


2  2 
A*  -  R 


2  2 

A  +  R  -  2  AR  cos  0  cos  cut , 


cos  cut  1 1  - 


2  2 
sin  cot  cos  ipQ 

2  2 
1  -  cos  ib  cos  cot 
T  o 


2  AR  cos  ip  sin  cot 


a2-r2 


(A2  +  R2  -  2  AR  cos  0Q  cos  cut)2J 


(C.  16f) 
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High-Gain  Antenna  Performance 

The  high -gain  antenna  performance  is  as  follows: 

a.  Maximum  azimuth  traoking  velooity  is  15  deg/seo 

2 

b.  Maximum  azimuth  traoking  aooeleration  is  5  deg/seo 

-2 

o.  Aooeleration  error  constant  (Ka)  -  5  seo 

Utilizing  the  equations  for  aooeleration  [Eqs.  (C.  16)]  and  the  aooeleration  error 
-2 

constant  of  5  seo  ,  curves  have  been  prepared  showing  absolute  values  of  traok¬ 
ing  error  (servo  lag)  versus  time  and,  for  one  oase,  versus  elevation  angle,  for 
satellite  orbits  with  given  altitude  and  maximum  elevation  angle  relative  to  the 
traoking  antenna.  (See  Figures  C-22  through  C-29.) 

Examination  of. the  azimuth  error  curves  shows  that,  for  a  given  altitude,  the 
error  increases  as  the  maximum  elevation  angle  inoreases.  That  is,  the  over¬ 
head  passes  produce  the  greatest  error.  It  oan  be  seen  that  the  error  is  zero  at 
zero  time,  increasing  rapidly  to  a  maximum  and  then  decreasing.  This,  of 
course,  is  due  to  the  acceleration  characteristics  in  the  azimuth  axis.  At  t  =  0 
the  acceleration  passes  through  zero  as  it  changes  to  deceleration.  The  plot  of 
error  versus  time  for  positive  and  negative  values  of  time  would  produce  an  odd 
function  about  zero.  Plots  hero  are  for  positive  time  only  and  for  absolute  values 
of  error. 


All  plots  are  for  high  maximum  elevation  angles  since  the  error  is  greatest  for 
these  cases.  Further,  maximum  tolerable  azimuth  error  is  taken  as  0.27°. 

This  value  is  selected  as  maximum  allowable  tracking  error  and  is  based  on  the 
antenna  beamwidth  of  0.55°.  Thus,  the  assumed  maximum  tracking  error  defines 
minimum  vehicle  altitudes  for  a  given  pass.  For  example,  for  a  maximum  eleva¬ 
tion  angle  of  about  80°  the  minimum  trackable  altitude  will  be  131  nmi,  as  indi¬ 
cated  by  Figure  C-22. 

* 

Elevation  error  curves  are  presented  for  the  same  orbits  assumed  for  the 
azimuth  error  plots.  Elevation  error  is  maximum  at  zero  time  and  decreases 
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with  time.  Note  that  the  magnitude  of  the  elevation  error  is  in  general  muoh  less 
than  that  for  the  azimuth  axis. 

Servo  lag  is  not  the  only  limitation  on  tracking.  Traoking  velooity  must  also  be 
oonsidered  but  only  in  the  sense  that  the  velooity  is  within  the  limitations  of  the 
traoking  antenna. 

Maximum  angular  antenna  velooity  oocurs  in  both  azimuth  and  elevation  as  the 
vehicle  passes  olosest  to  the  zenith,  i.e. ,  at  the  time  of  maximum  elevation. 

This  maximum  elevation  angle  for  the  orbit  considered  131  nmi  altitude)  is  about 
83“  for  the  azimuth  velooity  to  reach  its  limiting  level  of  15  deg/seo. 

Thus  in  this  particular  case,  a  traoking  limitation  due  to  angular  acceleration- 
incurred  servo  lag  is  of  more  significance  than  maximum  angular  velocity  sinoe, 
as  Figure  C-22  indicates,  a  servo  lag  azimuth  error  of  0.5°  would  occur  at  83° 
elevation,  possibly  causing  tracking  to  .cease. 

Low -Gain  Antenna  Performance 

The  low-gain  antenna  performance  characteristics  are: 

•  Maximum  azimuth  tracking  velocity  of  15  deg/sec 

•  Maximum  azimuth  tracking  acceleration  of  5  deg/sec 

2 

•  Acceleration  error  constant  (K^)  *  40/sec 

Curves  of  absolute  azimuth  and  elevation  error  have  been  prepared  in  the  same 
maimer  as  that  for  the  high-gain  antenna.  These  are  shown  in  Figures  C-30 
through  C-35.  The  error  is  considerably  less  due  to  the  high  acceleration  error 
constant  in  this  case. 

The  overall  tracking  capability  of  the  low-gain  antenna  is  superior  to  the  high-gain 
antenna  due  to  the  higher  K^and  a  larger  antenna  beam  width.  Although  the 
specified  maximum  azimuth  velocity  is  the  same  as  for  the  high  gain,  it  is  found 
that  the  capability  exceeds  the  specified  value  to  a  considerable  degree  enabling 
this  antenna  to  track  low-altitude  vehicles  that  pass  high  over  head. 
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Figure  C-29  Error  Curve  for  500-nmi  Orbit 
(Elevation  Error  vs  Elevation  Angle) 
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Figure  C-31  Error  Curves  for  500-nmi  Orbit  (Azimuth  Error  vs  Time) 
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Figure  C-33  Error  Curves  for  100-nmi  Orbit 
(Elevation  Error  vs  Time) 
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Figure  C-36  Error  Curve  for  100-nmi  Orbit 
(Elevation  Error  vs  Elevation  Angle) 
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Figure  C-34  Error  Curves  for  500-nmi  Orbit  (Elevation  Error  vs  Time) 
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C.6.2  Servo  Bias  Error 

The  servo  systems  being  considered  are  classified  as  type  2  which  implies  that 
in  order  to  produce  a  steady  output  offset  a  steady  signal  must  be  inserted  prior 
to  the  first  integration  following  the  error  detection. 

It  is  possible  that  a  bias  error  may  be  introduced  between  the  detection  or  de¬ 
modulation  stage  and  the  first  Integrator.  It  is  diffucult  to  estimate  this  bias, 
but  it  would  probably  follow  the  usual  form  of  variation  attributable  to  dc  opera¬ 
tional  amplifiers ,  which  exhibit  a  variation  as  a  function  of  ambient  temperature 
and  a  slow  drift  with  time  due  to  aging  of  components.  This  bias  may  be  as  high 
as  0.2  mrad  per  day.  This  form  of  drift  tends  to  continue  at  approximately  the 
same  rate.  Thus,  for  a  20-minute  pass  the  variation  between  pre-  and  post-pass 
boresighting  would  be  0.  003  mrad,  which  is  negligible.  If  the  pre-  and  post-pass 
boresight  errors  are  either  adjusted  out  or  measured  and  inserted  into  the  data 
reduction,  this  error  becomes  zero  along  with  similar  bias  errors. 

The  specification  covering  the  SGLS  receiver  allows  an  output  offset  of  ±60  mV 
which  corresponds  to  ±0.1  mrad  (WDL-CP-168946,  Paragraph  3. 1.1. 1.2. 8).  An 
rms  error  of  0. 03  mrad  will  be  assumed  for  the  high-gain  antenna  (simultaneous 
lobing  configuration)  and  negligible  error  for  the  low-gain  antenna  (conical -scan 
configuration) .  The  receiver  error  contribution  does  not  apply  for  the  conical- 
scan  configuration  since  the  error  signal  is  in  the  form  of  a  30-Hz  sine  wave. 
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C.  7  MECHANICAL  ERRORS 

Meohanieol  errors  axe  those  due  to  deformations  of  the  total  antenna  structure. 

They  may  be  oaused  by: 

•  Gravitational  and  acceleration  effects 

•  Climatic  effects  (wind,  ice,  temperature,  eto) 

•  Manufacturing  tolerances  and  installation  alignment  errors 

Manufacturing  tolerances  and  installation  alignment  errors  may  be  controlled  by 
system  calibration.  Further,  climatic  effects  are  controlled  by  enclosing  the 
antenna  system  in  a  radome.  Therefore,  the  only  mechanioal  error  sources  which  • 
must  be  considered  in  the  analysis  are  the  effects  of  gravity  and  acceleration  on 
the  antenna  structure. 

C;7.1  Structural  Effects 

The  analysis  of  tracking  errors  due  to  the  antenna  structure  considers  first  the 
effect  of  a  large  mass  (the  dish)  supported  by  a  flexible  member  (the  dish  support). 
The  error  (dish  sag)  results  from  the  angular  deflection  between  the  axis  of  the 
antenna  and  the  encoder  output.  The  effect  is  only  evidenced  in  elevation,  being 
maximum  at  the  horizon  and  zero  at  zenith.  Since  the  error  introduced  by  dish 
sag  is  systematic  in  nature, the  sense  of  the  error  is  taken  as  positive  in  accord¬ 
ance  with  the  convention  established  in  Paragraph  C.2. 


The  second  error  under  consideration 
is  due  to  feed  sag.  The  model  is  a  rigid 
dish  which  has  its  feed  moved  a  small 
amount  (6)  from  the  focus,  perpendicular 
to  the  axis  Of  the  parabola.  This  model 
(Figure  C-36)  is  approximate  since  it 
employs  only  simple  geometrical 
optics. 


Figure  C-36  Tracking  Error  Due  to  Feed  Sag 
(Simplified  Model) 
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High-Gain  Antenna 

A  detailed  oomputer  analysis  of  dish  sag  effeot  was  performed.  The  analysis  was 
based  upon  a  well-proved  structural  deflection  program  written  for  a  large  digital 
oomputer.  The  axis  deflection  of  the  parabolic  dish  was  oomputed  assuming  a 
rigid  feed  structure  and  using  the  scale  weight  of  the  multipurpose  feed.  The 
defleotion  was  found  to  be  0.3  mrad,  with  a  corresponding  RF  beam  droop  of 
0. 3  mrad. 


The  feed  sag  of  the  multipurpose  feed  was  carefully  measured  by  optical  means 
when  it  was  installed  on  the  Vandenberg  Tracking  Station  (VTS)  antenna  in  April 
1966.  The  repeatable  measurement  between  "normal"  and  "plunged"  positions  was 
found  to  be  0. 8  in.  (i.  e. ,  0. 4  in.  deflection).  For  small  deflections  the  apparent 
raising  of  the  beam  at  horizon  is  given  to  a  first  approximation  by  (Reference  16). 


Angle  error  =  0.8 


deflection 
focal  length 


1. 1  mrad 


When  combined,  the  dish  sag  effeot  (positive  error)  and  the  feed  sag  effect 
(negative  error)  yield  an  apparent  raising  of  the  beam  by  0. 8  mrad.  This  error 
is  a  function  of  the  elevation  angle  and  is  given  approximately  by 


€ 


€  COS 
O 


where  e  is  the  angle  error  at  elevation  angle  0,  and  eQ  is  the  angle  error  at 
zero  elevation  angle  (eQm  0. 8  mrad). 

Low  Gain  Antenna 

Measurements  on  the  low-gain  antenna  at  Operating  Location  Five  (OL-5)  indicate 
that  the  apparent  elevation  boresight  angle  is  SUS'SS",  whereas  by  optical  bore¬ 
sighting  the  angle  is  found  to  be  3013'28"  (Reference  17).  Based  on  these  measure¬ 
ments,  the  angle  error  due  to  structural  effects  is  assumed  to  be  0.  04  mrad  (10  sec). 
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C.7.  2  Error  Due  to  Antenna 
Acceleration 


Antenna  accelerations  in  azi¬ 
muth  and  elevation,  while  the 
system  is  tracking  the  vehicle, 
will  defleot  the  sntenna  struc¬ 
ture,  oausing  tracking  error. 

The  effect  will  have  the  great- 

s. 

eot  impact  at  the  feed.  This 
is  especially  true  of  the  high- 
gain  antenna  because  of  the 
relatively  high  mass  of  the 
multipurpose  feed. 

To  a  first  approximation  the 
feed  deflection  can  be  assumed  to  be  directly  proportional  to  the  tangential  accel¬ 
eration,  where  the  tangential  acceleration  is  merely  the  product  of  the  angular 
acceleration  and  the  moment  arm.  The  moment  arm,  in  this  instance,  is  the  dist¬ 
ance  from  the  feed  to  the  axis  of  rotation  measured  along  the  axis  of  the  dish  and  is 
approximately  40  ft  for  the  high-gain  antenna.  Since  the  acceleration  of  gravity  (1  g) 
resulted  in  a  feed  deflection  or  sag  of  1. 1  mrad  (as  derived  in  previous  section) , 

the  deflections  associated  with 
the  angular  accelerations  ex¬ 
perienced  in  tracking  low 
altitude  vehicles  can  be 
estimated.  Angular  acceler¬ 
ations  were  computed  for  var¬ 
ious  orbits  in  Paragraph  C.6.1, 
Servo  Lag.  These  and  the 
corresponding  feed  deflections, 
are  plotted  in  Figures  C-37 
and  C-38  for  the  high -gain 
antenna. 
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Figure  C-38  Tracking  Error  Due  to  Elevation  Acceleration 
(High-Gain  Antenna) 
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Figure  C-37  Tracking  Error  Due  to  Axlmuth  Acceleration 
(High-Gain  Antenna) 
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Defleotlou  of  the  antenna  structure  for  the  low -gain  antenna  will  be  considerably 
less  beoause  of  the  lighter  feed  and  shorter  moment  arm.  This  is  borne  out  by  a 
comparison  of  the  feed  defleotions  for  the  two  antennas  under  stutlo  conditions;  for 
the  high-gain  antenna  the  feed  sag  was  1. 1  mrad;  for  the  low-gain,  0. 06  mrad. 

The  ratio  1.1  to  0.08  indicates  that  feed  defleotions  due  to  aooeleretion  for  the 
low -gain  antenna  are  a  factor  of  20  leas  than  those  for  the  high-gain  antenna. 
Referring  to  Figure  C-37,  the  latter  is  approximately  0.06  mrad;  the  correspond¬ 
ing  feed  deflection  of  the  low -gain  antenna  is  less  than  0, 003  mrad. 


C-41 


PHILCO 


PHILCO  -  FORfl  CORPORATION 


WDL  Division 


WDL-TR3227-1 
Volume  I,  Part  2 


C.  8  CALIBRATION  ERROR 
C.8. 1  Mislevel  and  Orthogonality 

Errors  due  to  mlslevel  occur  whtn  the  vertical  axis  does  not  coinoide  with  the  looal 
vertioal.  An  error  in  orthogonality  is  a  departure  from  the  desired  right  angle 
relationship  between  the  antenna  axes.  The  latter  may  be  corrected  with  any  de¬ 
sired  degree  of  acouracy  by  Shimming  and  adjusting  bearings. 

Hiah-Galn  Antenna 

Orthogonality  errors  in  this  analysis  are  based  on  measurements  at  the  New 
Hampshire  (NHS)  and  Indian  Ocean  (IQS)  Tracking  Stations.  At  NHS,  the  measured 
orthogonality  error  was  3  sec;  at  IOS,  less  than  2  sec.  Based  on  these  measure¬ 
ments,  an  error  of  0. 01  mrad  at  an  elevation  angle  of  45s  is  assumed.  The  error 
will  vary  as  the  tangent  of  the  elevation  angle. 

Leveling  errors  are  also  based  on  previous  measurements.  At  IOS,  the  leveling 
error  was  less  than  10  seo  (0.  05  mrad).  At  NHS  the  estimated  peak  error  is  0. 2 
mrad.  In  this  analysis  an  rms  error  of  0. 12  mrad  at  45s  elevation  is  assumed. 
Again  the  error  varies  as  the  tangent  of  the  elevation  angle. 

Low -Gain  Antenna 

An  error  in  mislevel  in  the  low-gain  antenna  can  be  removed  by  adjustment  of  the 
leveling  screw  jacks  provided  for  this  purpose.  Field  experience  indicates  that  the 
pedestal  can  be  leveled  to  within  ±10  sec  (0.  05  mrad).  Therefore,  for  this  analysis, 
a  peak  error  of  0.  05  mrad  and  an  rms  error  of  0.  03  mrad  at  45°  elevation  are 
assumed.  In  this  analysis,  orthogonality  error  for  the  low-gain  antenna  is  assumed 
to  be  the  same  as  for  the  high-gain  antenna. 
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C,  6,2  Enooder  Linearity 
High-Gala  Antenna 

The  enooders  used  on  the  high-gain  antennas  are  17  -bit  output  "DIGISEC"  type. 
(DIG1SEC  is  a  Wayne-George  Corporation  trade  name.)  The  enooder  has  discrete 

i 

enooding  tracks  to  14  bits  and  uses  interpolation  to  form  the  remaining  bits.  The 
resolution  of  a  17-bit  binary  or  related  oode  (e.g. ,  Gray  code)  is  9.89  sec,  or 
0. 04  mrad;  however,  the  accuracy  of  the  interpolation  is  stated  to  have  a  4-sec 
standard  deviation.  The  installation  of  oorreotion  cams  in  the  enooder  mounting 
should  enable  the  enooder  readout  to  be  adjusted  to  an  aocuracy  at  least  as  good 
as  the  4-seo  standard  deviation.  (Note  that  the  adjustment  of  the  encoder  correc¬ 
tion  oams  is  accomplished  with  a  precision  clinometer  whioh  has  an  accuracy 
of  1  seo.)  Thus,  with  oorreotion  oams  the  enooder  linearity  is  assumed  to  be 
within  4  seo,  i.e. ,  the  standard  deviation  is  0.02  mrad.  For  tracking,  the  error 
is  considered  a  noise  error. 

Low-Gain  Antenna 

The  low-gain  antenna  encoders  are  Wayne-George  17-bit  Gray  code  optical 
encoders  of  the  Digisyn  Series.  These  encoders  have  every  bit  read  from  a 
separate  track  on  a  glass  code  disk. 

The  basic  encoder  accuracy  has  been  verified  by  means  of  a  polygon  mirror  and 
an  autocollimator.  The  largest  error  noted  in  checking  five  encoders  was 
stated  to  be  2/3  quantum,  while  Wayne-George  claimed  ±1  quantum  (1  quantum  = 
width  of  least  significant  bit  =  9. 89  sec,  0. 04  mrad).  The  readout  of  the  encoder 
was  again  checked  when  mounted  in  the  pedestal,  with  the  encoder  errors  refer¬ 
enced  to  encoder  zero.  The  worst-case  bias  error  for  the  azimuth  encoders 
(five  pedestals  checked)  was  7  sec  and  the  worst-case  rms  error  was  8. 9  sec. 

The  worst  cases  for  the  elevation  encoders  were  a  bias  error  of  6  sec  and  an 
rms  error  of  10  sec. 
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The  peak  error  obtained  from  the  above  bias  and  noise  errors  is  19  sec.  or 
0. 092  mrad.  The  la  tracking  error  (noise)  of  0, 03  mrad  will  be  used  for  this 
report. 

C.8,3  RF  Beam  Collimation 

Collimatlon  error  is  due  to  the  displacement  of  the  RF  axes  from  the  meohanlcal 
axis  caused,  for  example,  by  misalignment  of  the  RF  feed, 

High-Gain  Antenna 

For  the  high-gain  antenna  a  measure  of  the  collimation  error  can  be  obtained  by 
looking  the  antenna  onto  the  boresight  tower  in  both  the  "normal"  and  the  "plunged" 
positions.  The  angles  obtained  in  the  plunged  position  are  subtracted  from  180°. 
The  difference  is  then  subtracted  from  the  angles  obtained  in  the  normal  position. 
This  result,  divided  by  2,  is  defined  as  the  collimation  error. 

Error  data  obtained  by  this  technique  contain  contributions  for  other  sources 
including  RF  amplitude  imbalance,  phase  shift,  and  servo  bias.  Proper  allowance 
must  be  made,  therefore,  in  assessing  collimation  error  to  insure  that  these 
other  error  sources  are  not  included  twice. 

Test  data  from  the  NHS  tracking  station  at  2.2  GHz  (WDL-TR3113,  Reference  18) 
indicate  a  misalignment  of  50  sec  (0.24  mrad)  in  azimuth  and  39  sec  (0. 19  mrad) 
in  elevation.  For  this  report,  a  0.24  mrad  error  peak  and  a  0. 14  mrad  la  error 
are  assumed.  Making  allowance  for  the  other  error  sources  included  in  the 
measurement  (i.e. ,  amplitude  unbalance  typically  0.06  mrad,  phase  shift  0.02 
mrad,  and  servo  bias  0.05  mrad),  the  la  error  becomes  0.11  mrad.  Azimuth 
error  will  vary  with  the  secant  of  the  elevation  angle. 
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Low -Gain  Antenna 


Collimation  error  test  data  available  from  three  sites  (NHS,  VTS,  and  OL-5, 
see  References  17,  18,  and  19)  are  summarized  below: 


NHS 

VTS 

OL-5 

Average 

Azimuth 

0 

0 

10" 

4" 

Elevation 

9” 

1'53" 

1*9" 

1*7" 

Estimates  based  on  these  data  are  0. 02  mrad  peak  for  azimuth,  and  0.3  mrad 
peak  for  elevation.  In  this  analysis  the  Iff  error  will  be  0. 01  mrad  and  0. 17  mrad 
in  azimuth  and  elevation,  respectively.  Compensation  for  error  from  sources 
other  than  collimation  is  not  required  since  the  sources  -  amplitude  unbalance, 
phase  shift,  and  servo  bias  -  are  negligible  for  the  low-gain  antenna. 

As  before,  azimuth  error  will  vary  with  the  secant  of  the  elevation  angle. 

C.  8.4  Site  Looation  Errors 

Tracking  errors  result  from  the  uncertainty  in  tracking  station  site  location  in 
relation  to  the  geocenter  of  the  earth. 

For  a  first-order  survey,  which  has  been  used  at  every  site,  the  maximum 
angular  error  is  required  to  be  less  than  3  sec;  however,  the  uncertainty  in  posi¬ 
tion  on  the  earth's  surface  is  believed  to  be  as  little  as  30  ft  for  some  sites  and  as 
much  as  1000  ft  at  others.  An  uncertainty  of  100  ft  is  assumed  for  this  analysis. 


Tracking  error  in  elevation  can  be  obtained  from  Equation  (C.  16)  (See  Paragraph 
C.6.1)  by  incrementing  the  central  angle,  ipQ  ,  to  account  for  the  uncertainty 
region  on  the  earth's  surface  and  then  comparing  the  resulting  elevation  angle 
with  previous  data. 


Elevation  angle  error  was  calculated  for  the  100  and  500  nmi  cases  (maximum 
a  -4 

elevation  angle  of  85  )  by  varying  ipQ  by  2. 8  x  10  deg  (corresponding  to  100  ft 
at  the  earth's  surface)  and  calculating  elevation  angle  versus  time.  When  these 
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results  are  compared  with  original  data  it  is  found  that  the  maximum  elevation 

© 

error  (at  elevation  angle  of  8S°)  for  the  100  nml  orbit  is  9. 9  x  10  deg  or  0. 17 
rarad.  At  65°  elevation  angle  the  error  drops  to  0.03  mrad.  For  the  500  nmi 
orbit  the  maximum  error  is  0.04  mrad. 

Maximum  azimuth  error  is  calculated  at  the  elevation  angle  maximum  by  shifting 
the  tracking  station  looation  on  the  surface  of  the  earth  100  ft  parallel  to  the 
vehicle  trajectory  (see  Figure  C-22).  At  an  altitude  of  100  nmi  the  100-ft  surface 
displacement  becomes  0*.  017  nmi.  and  at  500  nmi  altitude  the  displacement  is 
0.019  nmi.  The  azimuth  angle  error  is  then  determined  (at  maximum  elevation 
angle  of  85°)  from  the  displacement  and  the  minimum  distance  to  the  vehicle, 
which  is  8. 74  nmi  (100  nmi  altitude)  and  43. 6  nmi (500  nmi  altitude).  The  errors 
are: 

Altitude 

1. 95  mrad  100  nmi 

0. 44  mrad  500  nmi 

■j 

These  errors  decrease  rapidly  as  the  vehicle  passes  the  point  where  antenna 
elevation  angle  is  maximum. 

C.8.5  Polarization  Boresight  Shift  / 

Changes  in  polarization  of  the  incident  wave  produce  a  boresight  shift.  The 
reference  polarization  for  the  high-gain  antenna  is  right-hand  circular,  and 
for  the  low -gain  antenna  it  can  be  right-hand  or  left-hand  circular  or  linear 
polarization. 

Data  available  on  the  VTS  high-gain  antenna  multipurpose  feed  indicate  that  linear 
polarization  produced  a  peak  error  of  0. 7  mrad  in  azimuth  and  1. 0  mrad  in  eleva¬ 
tion.  To  make  allowance  for  cases  where  the  incident  wave  is  not  right-hand 
circularly  polarized,  rms  errors  of  0. 3  mrad  in  elevation  and  0.2  mrad  in  azi¬ 
muth  are  utilized  in  this  analysis. 
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Measured  data  on  the  polarization  boreaight  shift  for  the  low-gain  antenna  are  not 
readily  available.  However,  since  this  antenna  can  be  configured  for  reception  of 
either  left-  or  right-hand  circular  or  linear  polarization,  the  contribution  to  track 
tag  errors  from  this  souroe  is  not  considered  significant. 
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APPENDIX  D 

EFFECTS  OF  PHASE  SHIFT  AND  GAIN 
VARIATIONS  ON  ANGLE -TRAC KING  ACCURACY 

D.  1  INTRODUCTION 

Precomparator  and  postcomparator  differential  phase  shift  and  gain  variations 
introduce  angle-traoking  errors  in  simultaneous  lobing  tracking  systems.  This 
analysis  evaluates  the  general  nature  and  magnitude  of  these  errors  for  the  SGLS 
high-gain  antenna  configuration. 

The  effects  of  the  following  conditions  are  considered: 

•  Precomparator  phase  ,  differential  phase  shift  introduced  between 
the  feed  inputs  and  the  comparator) 

•  Postcomparator  phase  shift  (differential  phase  shift  introduced  between 
the  comparator  and  the  product  detector) 

•  Precomparator  amplitude  unbalance  (due  to  gain  differences  in  the 
individual  feed  patterns) 

•  Postcomparator  amplitude  unbalance  (due  to  variations  in  the  gain  of 
the  reference  and  difference  channel  amplifiers) 

Equations  showing  the  basic  relationships  between  parameters  are  developed 
first.  An  evaluation  of  these  conditions  follows,  and  graphs  that  show  the  effect 
on  angle -tracking  accuracy  are  presented. 

Since  SGLS  includes  both  phase-lock  and  crosscorrelation  tracking  modes,  an 
analysis  of  each  is  included.  The  former  is  treated  in  Paragraph  D.  2,  the 
latter  in  Paragraph  D.  3. 
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D.  2  PHASE-  LOCK  TRACKING 
D.  2. 1  Traoklne  Model 

The  effeots  of  differential  phase  shift  and  amplitude  unbalanoe  can  be  evaluated  by 
determining  the  relationship  between  the  voltage  output  of  the  product  deteotor 
and  the  difference-and-sum-ohannol  input  signals  in  terms  of  their  relative  ampli¬ 
tude  and  phase.  Sinoe  this  analysis  is  oonoerned  with  phase-look  tracking,  the 
reoeived  RF  signal  is  assumed  to  be  an  unmodulated  carrier.  Crosscorrelation 
tracking  of  a  wideband  modulated  signal  is  treated  in  Paragraph  D.  3. 

A  model  of  the  tracking  system  is  shown  in  Figure  D-l.  Only  one  of  the  two  differ¬ 
ence  (i.  e. ,  error)  channels  is  shown.  The  outputs  of  two  individual  feeds  connect 
to  the  comparator  (for  traoking  on  one  axis).  In  the  comparator,  sum  and  differ¬ 
ence  signals  are  formed  and  transmitted  down  separate  paths  through  the  channel 
amplifiers  to  the  product  detector.  The  product  detector  output  is  proportional 
to  the  relative  amplitude  and  phase  of  the  two  input  signals. 


£  =  Vj  Coi(wt  +•?•)  +  VjCoifc)*  -"I”) 

A  *  v]  Co«(wt  +^)  -  V2Co»(eut 

t  =  Poitconporotor  Phaie  Shift 
P  =  Precomparotor  Pho(«  Shift 

Figure  D-1  Model  for  Phase-Lock  Tracking 


Since  the  received  signal  is  assumed  to  be  a  pure  sinusoid,  the  signal  at  the  output 
of  feed  1  is 


Vj.  cos 


|cut  + 


(1) 
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and  at  the  output  of  feed  2,  we  have 

V2  cos  (wt  -  ) 


(2) 


where 

V1  g  “  peak  amplitude  of  the  signal  from  feeds  1  and  2,  respectively 

\ 

Wt  a  phase  angle  of  the  reoeived  carrier  signal 

0  =  -  02  “  preoomparator  differential  phase  shift  between 

channels 

Sum  Channel 

The  signal  at  the  output  of  the  comparator  in  the  sum  channel  (£)  is  the  sum  of 
the  two  signals  at  the  comparator  input,  that  is, 


2  *  Vj  cos  (wt  + +  V2  cos  (wt  - 


(3) 


From  the  vector  diagram  (Figure  D-2),  the  amplitude  of  the 
sum  signal  at  the  comparator  output  is  given  by 


2  =  (V1  *  V2  +  2V1V2  cos  *)1/2 
The  associated  sum  signal  phase  angle  (/?)  is 


(4) 


(3  =  sin 


-1 


(V1-V2)»1”-T 

(v*  +  V*  +  2VjV2  cos  «)1/2 


(5) 


Figure  D-2  Sum  Channel  (2) 
Vector  Diagram 


If  a  phase  shift  is  introduced  between  the  comparator  output 

and  the  amplifier  input,  the  sum  signal,  written  in  polar  form, 

becomes  2  /ff+r  ,  where  r  is  the  postcomparator  differential  phase  shift.  Since 

the  gain  of  the  sum  channel  amplifier  is  G.  the  signal  at  the  output  of  the  ampli- 

s 


fier  is  G  2  A3+t  . 

B 


The  application  of  automatic  gain  control  will,  however, 
D-3 
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maintain  a  constant  amplitude  output  so  that  the  sum  channel  Input  to  the  produot 
deteotor  oan  be  written 


GSI  /fl+T  =  C/fl  +  T 


(6) 


where 

C  -  0,1 


O) 


Difference  Channel 

In  the  difference  channel,  the  output  of  the  comparator  (A)  is  the  veotor  difference 
between  the  two  signals  from  the  individual  feeds,  whloh  is  expressed  as 

A  »  Vj  cos  (wt  +  -  Vg  cos  (wt  -  (8) 


Referring  to  the  vector  diagram  for  the  difference  channel  (Figure  D-3),  the  ampli¬ 
tude  of  the  signal  at  the  output  of  the  comparator  in  the  difference  channel  is 


Vector  Diagram 


-  2V1V2  cos 


\l/2 


(9) 


The  associated  phase  angle  is  r  -  ^  ,  where  r  is 
given  by 


T  «  sin 


-1 


(V2-Vl) 


COS 


± 

2 


+  V2  -  2V1V2  008 


*) 


172 


(10) 


Expressed  in  polar  form,  the  difference  channel  signal 
at  the  comparator  output  is  A/r  -  tt/2.  The  input 
to  the  product  detector,  following  multiplication  by 
the  gain  of  the  difference  channel  amplifier  (GD)  ,  is 
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Assuming  the  gain  in  eaoh  channel  is  identical  (Gfl 
in  Equation  (7),  we  have 


Gd)  and  by  substitution 


On  - 
D  2 


The  difference  channel  input  to  the  deteotor  [Equation  (9)]  oan  then  be  rewritten 


A  -  Hr 


1  *S 


Product  Detection 

Figure  D-4  represents  a  typical  product 
detector  negleoting  the  sum  frequency 
term  (2w)  which  is  filtered  out..  The  out¬ 
put  voltage  (Eq)  is  given  by 


SUM  SIGNAL  AjA- 
DIFFERENCE  SIGNAL  BY¬ 


PRODUCT  Ie. 
DETECTOR  p 

00 


Figure  D-4  Typical  Product  Detector 


f ■  ?  ? 


E„  = 


^  cos  ( ip  ~  O'  ) 


W'  *M» 

fc  if 


where 


PHILCQ 


=  voltage  output  of  the  product  detector 

=  detector  constant 

-  amplitude  of  the  sum  signal  input 

=  amplitude  of  the  difference  signal  input 

=  difference  signal  phase  angle 
*  sum  signal  phase  angle 
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Substitution  of  the  expressions  for  the  sum  signal  [Equation  (6)]  and  the  difference 
signal  [Equation  [13)]  into  Equation  (14)  yields 


E 


0 


„  kc2a 
-  “sir 


OOS 


(15) 


The  detector  output  voltage  ( E ^  in  Equation  (15)  can  be  expressed  in  terms  of  the 
signal  output  from  the  individual  feeds  (V^  and  Vg)  by  substitution  of  the  expres¬ 
sions  for  1  [Equation  (4)]  and  A  [Equation  (9)]  into  Equation  (15).  This  yields 


E0  = 


KCJ 


V2  +  Vg  -  2VjVg  COS0 


-,1/2 


vj  +  V“  +  2V1Vg  cos0 


cos 


(r- 1  -  (3  -  r) 


(16) 


where 

EQ  =  dc  output  of  the  product  detector 
K  =  product  detector  constant 

VrV2  =  peak  amplitude  of  the  signals  from  feeds  1  and  2 
[see  Equations  (1)  and  (2)] 

C  =  a  constant  (G  2);  G  is  gain  of  the  sum  channel  amplifier 

s  s 

[see  Equation  (7)] 

0  =  precomparator  differential  phase  shift  (01  -  0g) 

r  =  postcomparator  differential  phase  shift  (arbitrarily  introduced 
in  the  sum  channel) 

T  =  difference  signal  phase  angle  [see  Equation  (10)] 

/3  =  sum  signal  phase  angle  [see  Equation  (5)] 


To  relate  the  detector  output  voltage  (EQ)  to  the  off-boresight  angle,  the  individual 
feed  output  voltages  (Vj^  and  Vg)  must  be  expressed  in  terms  of  the  off-boresight 
angle.  The  latter  is  determined  by  the  feed  and  antenna  design.  Assuming  gaus- 
sian  patterns,  Figure  D-5  shows  the  individual  feed  patterns  with  a  normalized  gain 
of  1  for  the  SGLS  high-gain  configuration. 
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Relative  Gain 


i  . 

3  dB  Fatd  1  Pottam  /  | 

2.2dB'" 

/ 

"*'*^SS\N^Fa*d  2  Pottarn 

I  ! 

i  t 

!  Frequency  ■  2200  MH* 

)  j  | 

1 

1 

1 

_ 1 _ 

T  i 

1 

_ 1 

.9  -»MB  o  +«c  +93dB  + e 

-0.36°  -0.15°  40.15°  40.36° 

Figure  D-5  Individual  Feed  Pattemi 


Referring  to  Figure  D-5,  the  voltage  output  from  the  individual  feeds  is  given  by* 

,2- 


V*  *  2GX  exp 


,0  +  6 

-2.78  h - c- 


e. 


3dBi 


V2  =  2G2  eXp 


16-  e 


~2'18\0, 


3  dBy 


(17) 


(18) 


where 


V1,V2 

G1’G2 

6 


6 


3dB 


peak  output  voltage  from  feeds  1  and  2,  respectively 
power  gain  of  the  individual  feeds 
off-boresight  angle 

off-boresight  angle  for  maximum  feed  gain 

off-boresight  angle  where  feed  gain  is  3dB  down  from  maximum 


l|tWDL-98-151345A-03,  Feed-Multipurpose,  for  60-Foot  Paraboloid  Antenna; 
Detail  Performance  Specification. 
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For  the  high-gain  antenna,  0Q  a  ±0. 15*  and  0g  ■  ±0. 36* .  Substitution  of 
these  values  in  Equations  (17)  and  (18)  yields  the  feed  output  in  terms  of  the  in¬ 
dividual  feed  gain  (G^Gg)  ^  off-boreslght  angle  (0)  ,  i.e. , 


exp 


(19) 

(20) 


Equation  (16)  is  plotted  in  Fig¬ 
ure  D-6  for  the  high-gain  an¬ 
tenna  shewing  detector  voltage 
output  (Eq)  versus  the  off- 
boresight  angle  (0)  for  zero 
precomparator  and  postcom¬ 
parator  phase  shift  (0  *  0°, 
t  —  0*)  .  Note  that  the  gradient 
at  boresight  (0  =  0* )  is  0. 65 
V/mrad;  the  curve  is  linear  to 
approximately  0. 1°. 

The  effects  of  introducing  dif¬ 
ferential  phase  shift  and  ampli¬ 
tude  unbalance  are  evaluated  in 
Paragraphs  D.  2. 2  and  D.  2. 3. 


Figure  D-6  Detector  Output  Voltage  vi  Off-Bore«ight  Angle 
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D,  2. 2  Effeots  of  Differential  Phase  Shift 


An  examination  of  Equation  (16)  indicates  that  a  precomparator  or  postcomparator 
differential  phase  shift  causes  a  boresight  shift.  This  is  illustrated  in  Figure  D-7, 


which  shows  boresight  shift  (6)  as  a 
function  of  postcomparator  phase 
shift  (r)  for  various  values  of  pre- 
comparator  phase  shift  (0).  Note 
that  if  either  r  or  0  is  zero,  the 
boresight  shift  is  also  zero.  For 
r  ^  0  and  0  /  0  ,  the  resulting 
boresight  shift  increases  as  either 
t  or  0  is  increased.  Note  also 
that  postcomparator  phase  shift 
changes  the  slope  of  the  detector  out-  J 
put  voltage.  Although  servo  loop  f 
gain  is  affected  to  some  extent,  the  £ 
effect  is  secondary.  Boresight  is  $ 
not  affected. 

Provisions  have  been  made  in  the 
SGLS  receiver  to  control  postcom¬ 
parator  phase  shift  through  phase- 
adjust  circuitry  in  the  reference 
channel.  This  adjustment  permits 
reduction  of  differential  phase  shifts 
between  the  sum  and  difference 
channels  to  approximately  ±10® . 


Poitcomporator  Phase  Shift  (r) 


Figure  D-7  Angle-Tracking  Error  Due  to  Phase  Shift 


The  specified*  null  depth  for  the  high-gain  antenna  is  30  dB  in  the  2200-  to2300-MHz 
frequency  range;  the  related  precomparator  phase  shift  is  5®.  From  Equation  (16) 
and  under  these  conditions  (t  =  ±10®,  0  =  ±5®),  the  resultant  boresight  shift  is 
±0.0026°  or  ±0.045  mrad. 


*WDL-98-151345A-03,  Feed -Multipurpose,  for  60-Foot  Paraboloid  Antenna; 
Detail  Performance  Specification. 
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D.2. 3  Effects  of  Amplitude  Unbalance 
Precomparator  Amplitude  Unbalance 

Precomparator  differential  amplitude  variations  also  result  in  a  shift  in  the  bore 
sight  angle.  These  variations  are  generally  caused  by  unequal  gains  in  the  in¬ 
dividual  feeds.  The  resultant  boresight  shift  is  determined  from  Equations  (19) 
and  (20)  by  setting  =  V2  and  solving  for  the  ratio  of  individual  feed  gains 
(Gj/Gg).  This  yields 


12, 8  Q 

e 


(21) 


The  variation  in  boresight  (0)  is 
plotted  in  Figure  D-8  for  various 
values  of  the  above  ratio  [Equation 
(21)1  .  | 

* 

For  the  SGLS  high-gain  antenna  con-  | 
figuration,  a  feed  amplitude  unbal¬ 
ance  of  0.3  dB  can  be  expected  with 
a  corresponding  angle -tracking 
error  (boresight  shift)  of  0. 006° . 

Postcomparator  Amplitude 
tfnbalance 


Figure  D-8  Boreiight  Angle  Variation 
Due  to  Feed  Amplitude  Unbalance 


The  effect  of  postcomparator  amplitude  unbalance  is  evident  from  inspection  of 

Equation  (15).  This  equation  was  derived  on  the  basis  that  the  gain  in  the  sum 

and  difference  channels  was  identical;  i.  e. ,  G  =  G_  ,  If  the  gain  of  the  chan- 

nels  differ  such  that  G  =  AG_  then  the  detector  output  will  be  modified  by  the 

S  D 

constant  A  as  follows: 

Eo  =  13 -T)  <22> 
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n 


Note  that  postcomparator  amplitude  unbalance  does  not  introduce  a  boresight  shift 
but  will  change  the  slope  of  the  product  deteotor  output.  This  change  in  slope  will 
affect  the  servo,  either  increasing  or  decreasing  loop  gain.  In  the  SOLS  receiver, 
gain  variations  of  ±3  dB*  can  be  expected  over  the  input  signal  dynamic  range. 
These  variations  in  receiver  gradient  affect  the  servo  acceleration  error  constant, 
which,  in  turn,  can  introduce  tracking  errors  due  to  servo  lag.  The  latter  errors 
are  minimized,  however,  by  adjustments  to  the  error  gradient  available  in  the 
receiver. 

D.3  CROSSCORRELATION  TRACKING 

In  Paragraph  D.  2,  the  effects  of  differential  phase  shift  and  amplitude  unbalance 
were  analyzed  in  tracking  an  unmodulated  carrier  in  the  phase -lock  mode.  This 
section  is  concerned  with  tracking  a  modulated  carrier  in  the  crosscorrelation 
(wideband)  mode. 

D.3. 1  Tracking  Model 

The  analyses  for  the  phase-lock  and  crosscorrelation  tracking  modes  are  quite 
similar;  therefore,  the  model  for  crosscorrelation  tracking  (Figure  D-9)  is  a 
simplified  version  of  Figure  D-l. 


e 
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Figure  D-9  Croucorrelation  Tracking  Model 


♦WDL-CP-168946A,  Receiver  and  Analog  Ranging  Equipment,  Ground.  CEI 
Detail  Specification. 
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Since  the  input  signal  to  the  antenna  system  is  a  modulated  carrier,  the  signals  at 
the  outputs  of  the  feeds  are 


Feed  1  output 
Feed  2  output 


=  cos 


**  V2  cos 


a; 

c 


(t+|)  +OCO.G.m(t+$) 
(t  -•£)  a  cos  (t  -*) 


(23) 

(24) 


where 

w 


c 


0 


OJ 

a 


m 


V 


1 


carrier  radian  frequency 
precomparator  differential  time  delay’*' 
sinusoidal  modulation  radian  frequency 
modulation  index 

peak  output  voltages  from  feeds  1  and  2  [see  Equation  (17)] 


The  signal  at  the  output  of  the  comparator  in  the  sum  channel  (2^)  is  the  vector 
sum  of  the  signals  from  feeds  1  and  2,  and  is  given  by 


Z !  =  Vj  cos 


+  V2  cos 


“c(t+f)+“008  “,m(t+f) 
"c(‘  -4)  'D 


(25) 


After  amplification  by  the  sum  channel  gain  (G_)  ,  the  signal  is  down-converted  to 

s 

an  intermediate  frequency.  At  this  point,  a  postcomparator  differential  time  delay 
(r)  is  introduced,  as  well  as  an  arbitrary  phase  shift  to  the  carrier  (/3)  .  (The 
latter  is  of  interest  in  determining  the  effect  of  phase -adjust  circuitry  in  the 
receiver.)  The  input  signal  to  the  product  detector  (Zg)  Is  then: 


In  Paragraph  D.  2, 


”0"  was  defined  as  precomparator  differential  phase  shift. 
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where 

G  *  gain  of  the  sum  channel  amplifier 
s 

t  =  postcomparator  differential  time  delay 

u>0  =  intermediate  radian  frequency  =  2ir  x  130  MHz 

0  =  arbitrary  phase  shift  to  carrier  to  represent  phase  adjust  circuitry 

in  the  receiver 

co  =  carrier  radian  frequency  =  2n  x  2200  MHz 
c 

In  the  difference  channel,  the  output  of  the  comparator  (A^  is  the  vector  differ¬ 
ence  of  the  signals  from  feeds  1  and  2,  which  is  given  by 


After  amplification,  frequency  down  conversion,  and  introduction  of  pc  stcomparator 
time  delay  and  phase  shift,  the  signal  at  the  input  to  the  product  detector  is 


where  GD  is  the  gain  in  the  difference  channel. 
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The  output  of  the  detector  (Ep,  as  shown 
in  Figure  D-10,  is  given  by 


Flgurt  D-10  Prodoc  I  Dataetor  g  a  £  ^  K 

1  2  2 

Substituting  £2  *rom  Equation  (26)  and  from  Equation  (28)  yields 

K'  ■  Qa°Dvl  oos  “o(‘  +  i)  *  “of  +  4  +  a0015  "m(l  *  2  *  i)] 

•oos  “o(*  -  -i)  +  “o  T  -  4  +  0,008  “m(l  *  4  -  £)] 

■ 

-G  G_V*  V„  cos  ft  +  +o)  “+■—■+  a  oos  cu  ft  +  +  ■?*) 

■  s  D  1  2  0\  2/  o  2  2  m\  2  2/ 

“o(l  -f)  *  “o4“f  +  “COB"m{1  -T’f) 

+G  G~  V,  V~  cos  ft  +  "tt)  -  w  4  +  a  cos  w  ft  -  ■$  + 
s  D  1  2  0\  2/  c  2  2  mV  2  2} 

•cos  wQ(t  -  f)  +  wc-|  ~4  +  “C°s  wm(t  +-|~  4) 

'  J 

"gsgdV2  008  +  i)  ’  Wcf +  1+  0008  "m^  ~T +  t) 


T  \ 

0 

0  .  L 

0 

T\ 

•  cos  a>0(t 

"  2/ 

'  wcT 

-T  +  0008  Bm(t 

"  2  " 

2 7 

Equation  (29)  may  be  simplified  by  using  the  following  identities: 

cos  x  cos  y  =  l/2[cos  (x  +  y)  +  cos  (x  -  y)J 

cos  a  -  cos  /3  =  -2  sin  1/2  (a  +  /3)  *  sin  1/2  (a  -  /?) 

cos  (ci  -  p)  =  cob  a  cos/3  +  sin  a  sin/3 

00 

cos  (x  sin  y)  =  JQ(x)  +  2  J2  JgfcM  008  2  ^ 

k“l 
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00 

sin  (x  a  in  y)  3  2  5]  J9.  .  (x)  sin  (2k-l)y 

\^a\  ak-i 


(34) 


After  substitution,  collection  of  terms,  and  passage  through  the  lowpass  filter, 
the  voltage  output  (Eq)  becomes  1 


ry2  V2 
V_1  V2 


E 

"  lx  *  ?-j  008<V  *  «  Jo(2“slnwmT) 


VXV2 


y  v  y. 

1  2  cos  (w0r  +  +/3)  J0|2asinu.m(|  +  ^)]  -V 

cos  (wqt  -  wc0  +  /S)  J0|20!  sin  wm(|  "  $■)]  (35) 

D.  3.2  Effect  of  Differential  Time  Delay 

The  plot  of  Equation  (35)  (Figure  D-ll)  shows  the  output  voltage  Eg/KGgG^ 
versus  the  off-boresight  angle  (6)  for  various  values  of  postcomparator  differ¬ 
ential  time  delay  (f )  .  The  values  of  modulation  index  (a  =  2 . 4)  and  modulation 
frequency  o>m  =  (2ff)(6.5  MHz)  represent  the  maximum  specified  modulation  re¬ 
quirements.  *  In  addition,  the  value  of  precomparator  differential  time  delay  (p=  6.3  x 
10_12Sec)is  the  time  delay  associated  with  a  5°  phase  shift  to  the  carrier  at  2200 
MHz.  In  Figure  D-ll,  for  t  =  0,  the  boresight  shift  is  zero;  for  the  time  delay 
associated  with  a  10°  phase  shift  to  the  IF  carrier  (t  =  2. 1  x  10  10sec),  the  bore- 
sight  shift  is  0.  0026°.  As  might  be  expected,  the  latter  is  identical  to  the  result 
obtained  when  tracking  an  unmodulated  carrier  in  the  phase-lock  mode  (Paragraph 
2.  2).  In  general,  as  the  differential  time  delay  increases,  the  boresight  shift  in¬ 
creases  and  the  gradient  or  slope  of  the  output  voltage  decreases. 


*WDL-CP-168946A,  Receiver  and  Analog  Ranging  Equipment,  Ground,  CEI  Detail 
Specification,  Paragraph  3. 1. 1. 1. 2. 8. 
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Figure  D-11  Error  Voltage  vs  Off-Boreilght  Angle  (Crosscorrelation  Tracking) 


As  noted  earlier,  the  postcomparator  differential  phase  shift  can  be  maintained 
at  10°  or  less  by  phase  adjustments  available  in  the  receiver.  The  boresight  shift 
and  slope  degradation  are  therefore  bounded,  precluding,  for  example,  the  curves 
for  r  =  9.  6  x  10  10  sec  and  r  =  19. 2  x  10  10  sec  shown  in  Figure  D-11. 

At  this  point,  the  analysis  indicates  that  postcomparator  differential  time  delays 
cause  an  identical  boresight  shift  when  tracking  either  a  modulated  or  an  unmod¬ 
ulated  carrier.  When  tracking  a  modulated  carrier,  however,  an  additional 
degradation  (over  that  which  occurs  when  tracking  an  unmodulated  carrier)  is 
caused  by  the  modulation  envelope  delay  when  it  degrades  the  slope  of  the  receiver 
output  voltage. 

Consider  the  case  [Equation  (35)]  in  which  the  phase  adjustment  in  the  receiver  (/3) 
is  such  that  c o  r  =  -/3  and  w  o  is  small.  That  is,  the  phase  adjustment  in  the 

U  C 

receiver  is  set  to  compensate  for  the  postcomparator-carrier  differential  phase 

shift,  and  the  precomparator-carrier  differential  phase  shift  (w  0)  is  less  than  or 

c 

equal  to  5° .  Since  0  «  t  ,  Equation  (35)  reduces  to : 
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E, 


KG  G-, 
a  D 


Jo(2“sln"m  a) 


(36) 


For  ■  V2  ,  the  output  of  the  reoeiver  is  zero,  as  expected.  However  for 
Vx  /  V2  ,  the  output  is  proportional  to  the  faotor  JQ  (2  a  sin  wm  £ ) .  This  factor 
Is  a  function  of  the  modulation  index  and  the  modulation  frequency.  When  o  **  0 
(no  modulation),  JQ(0)  =  1  ,  and  the  result  depends  only  on  V^, V2  the  detector 
oonstant,  and  the  ohannel  gain,  as  was  the  case  in  Paragraph  2. 2. 


The  plot  of  JQ(2asin  o>m|)  versus  r,  for  a  modulation  index  of  a  -  2. 4  and  a 
modulating  frequency  of  o>m  =  (2ir)(6. 5  MHz),  in  Figure  D-12  shows  the  effect  on  the 
output  voltage;  namely,  a  degradation  of  the  voltage  gradient.  A  degradation  in 


(Nanwtcondt) 

Figure  D-12  Angle-Error  Voltage  vi  Differential  Time  Delay  (Croueorrelation  Tracking) 
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the  output  voltage  gradient  of  1  dB  is  oonsidered  aooeptable.  This  in  turn  oor re¬ 
sponds  to  a  postoomparator  differential  time  delay  of  ?  ns,  as  indicated  in  Figure 
D-12,  This  time-delay  differential  oan  be  realized  through  appropriate  installa¬ 
tion  design  involving  equipment  looation  and  the  selection,  routing,  and  length  of 
transmission  lines, 

D.3.3  Summary  of  Traoklng  Errors 

Table  D-l  summarizes  the  effects  of  differential  phase  shift  and  gain  variations  on 
angle-tracking  aocuracy  in  both  the  phase -lock  and  crosscorrelation  tracking 
modes.  As  indicated  in  the  table,  boresight  shifts  result  from  precomparator 
differential  amplitude  unbalance  and  preoomparator  and  postcomparator  differen¬ 
tial  phase  shift.  The  magnitude  of  boresight  shift  is  the  same  for  either  tracking 
mode. 

A  change  in  the  slope  of  the  detector  output  voltage  results  from  postcomparator 
differential  amplitude  imbalance  and  postcomparator  phase  differential  phase  shift. 
In  the  crosscorrelation  tracking  mode,  the  detector  output  voltage  is,  however, 
subject  to  greater  degradation  due  to  the  envelope  delay  which  cannot  be  compen¬ 
sated  for  in  the  receiver. 


TABLE  D-l 

SUMMARY  OF  ANGLE  -TRACKING  ERRORS  DUE  TO  DIFFERENTIAL 
PHASE  SHIFT  AND  AMPLITUDE  UNBALANCE 


Condition 

Parameter 

Value 

Source* 

Effect  In  Phase-Lock  Tracking 

Effect  In  Croseoorrelstlon  Tracking 

Boresight  Shift 

Detector 
Output  Slope 

Boresight  Shift 

Detector 
Output  Slope 

Preoomparator 
differential 
phase  shift 

±5* 

A 

*0. 046  mrad  (peak) 
*0. 03  mrad  (rraa) 

No  effect 

±0. 046  mrad  (peak) 
*0. 03  mrad  (rma) 

No  effect 

Poatcomparator 
differential 
phase  ehlft 

*10° 

B 

0.1  dB 

1. 1  dB** 

Preoomparator 

differential 

amplitude 

unbalance 

0.3  dB 

c 

±0. 10  mrad  (peak) 
*0. 06  mrad  (rma) 

No  effect 

±0. 10  mrad  (peak) 
±0.06  mrad  (rms) 

No  effect 

Postoomparator 

differential 

amplitude 

unbalance 

a3  dB 

B 

No  effect 

±3  dB 

No  effect 

*3  dB 

•A:  WDL-98-151345A-03,  Feed,  Multipurpose,  for  60 -Foot  Paraboloid  Antenna,  Detail  Performance 
Specification. 

B:  WDL-CP-168946A,  Receiver  and  Analog  Ranging  Equipment,  Ground,  CEI  Detail  Specification. 

Ci  Estimated. 

**1  dB  due  to  7  ns  envelope  delay  for?  modulation  index  a  -  2.4;  modulation  frequency  o>m  *  <2* )(6,5  MHc). 
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‘This  report  provides  a  technical  description  of  the  ground  station 
of  the  Space-Ground  Link  Subsystem  (SGLS)  and  integrates  the 
analyses  performed  by  contractors  who  contributed  to  its  develop¬ 
ment.  Hie  report  is  in  three  volumes:; 

Volume  I  j)  System  Design  Analysis  contains  the  ground 
. . .  s t atlc&l,. de/3  cp  ipt  ion  and  related  analyses^ 

Volume  J^t  .  Receiver  Design  Analysis  contains  a  detailed 


analysis  of  the  SGLS  receiver.  0 

Volume  supplementary  Analyses  is  a  reprint  of  analyses 
'  ’  originally  presented  in  the  SGLS  final  design 

report. 
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